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STUDY OF REFLECTOR-BASED CONTROL OF
FAST NUCLEAR ROCKET REACTORS

by

K. K. Almenas

ABSTRACT

A comparative evaluation of a variety of reflector and
control materials suitable for use with fast-spectrum, high-
performance cores was carried out. The evaluation focused
primarily onthe control potential of reflector-located control
mechanisms, though factors such as weight, volume, and crit-
ical mass savings were also considered. It was determined
that for most fast-spectrum core-reflector combinations a
well-defined optimum control-vane design exists. The de-
pendence of this optimum control span on control-vane thiclk-
ness and composition was explored in detail. Calculational
methods for determining the optimum vane configuration and
such ancillary but important aspects as control-vane heating
are presented.

I. INTRODUCTION

Because of the extremely high temperatures existing in nuclear
rocket cores, it is advantageous to control these reactors with mechanisms
located in the reflector. There environmental conditions can be kept toler-
able for a wide range of control materials. However, the location of the
control mechanism in the reflector can significantly reduce its neutronic
effectiveness. The ability to control the reactor thus becomes important,
and in some cases even limits, design considerations.

This study surveys and analyzes reflector-control problems as dic-
tated by reactor physics considerations. It is recognized that in the design
of a workable reflector-located control mechanism considerations other than
those related to neutronics are important. For this reason the survey has
been conducted on a general and broad plane. The objective was to map out
neutronic limitations and possibilities of use of a wide range of reflector
materials rather than to concentrate on the details of the neutronic problems
of a special design.

Such a statement of purpose is expected and standard in any intro-
duction, and makes one sorely wish that it could be followed by concise
statements summarizing how said purpose was achieved. At the beginning
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of the study it was hoped it would be possible to isolate those specific .
nuclear properties of reflector and control materials that directly detgrmlne
the control effectiveness and to present them in the form of a few, easily
comparable parameters. The further objective then was to use these pa- ;
rameters in survey calculations for determining optimum reflector material
and control-poison combinations. A considerable amount of effort was ex-
pended in search of this hoped-for simplicity, but without much success.
Though the basic objectives of the study were achieved, the results are pre-
sented in a fairly detailed and involved manner.

These disappointed hopes are mentioned here because they do char-
acterize a very important aspect of the problem and also because they illus-
trate the manner in which the results of the study may be used. This
characteristic is that the problem of reflector control is inherently too
complex to be reduced to a few universal parameters. A number of such
parameters were tried, but invariably, as they approached simplicity, they
became progressively more restrictive and eventually useless.

To illustrate: A common way of handling strongly self-shielded
capture in a heterogeneous system is to reduce the capture distribution to
a volume- and a surface-dependent term. This is unacceptable for the
neutron capture inside a control vane because such surface and volume
contributions will have very different magnitudes and importances when the
control vane is in the IN and OUT positions. Further, correlations cannot
be based on the simple total capture rate of neutrons, because the energy
of the captured neutron has a very strong effect on the reactivity change
produced by the capture. This energy dependence can change profoundly
between the IN and OUT positions of the control vane and between various
reflector materials.

This means that the presented analyses can be used for survey
calculations and as an aid in choosing reflector and control materials which
have a good potential of conforming to given design requirements; they
should, however, be used with caution in evaluating the control worth of a
specific design. Invariably the specific design will differ in some details
from the calculational models used in this study, and the details can have a

sufficiently perturbing influence on the control span to require an indepen-
dent evaluation.

A definition of the major terms and the general scope is as follows:

By a "reflector-located control mechanism" we imply the use of

rotating control drums which in part of their volume are loaded with
neutron-absorbing materials.

The "control span" is the reactivity difference produced by rotating

the control drums 180°. When the drum is in the IN position, the control-
vane centerline faces the core; at the QUT position

, it is at the furthest dis-
tance from the core.
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The study applies primarily to moderate-volume ( ~300 liters), fast,
tungsten-based reactors, although the relative comparisons of reflector and
control materials apply to a large variety of general fast reactors.

The study is best introduced by considering each of its four sections
separately.

In Section II the neutronic properties determining the control span
of eight reflector materials is analyzed. The specifications of fast rocket
reactor reflectors are presently not fixed. Therefore, the materials were
chosen to cover a wide range of properties and are not to be considered as
specific recommendations for nuclear rocket application. Truly moderating
reflector materials (such as beryllium) do not fit in the framework of the
study, since their use would require various reactor modifications. The
materials range from carbon to materials having an equilibrium neutron
spectrum similar to that of the core. The eight materials studied are de-
pleted U, Al, Al,0;, Fe, Ni, Zr, Mo, and C. In Section II completely iden-
tical configurations of reflector and control-vane materials are compared.
Reflector thickness, porosity, and control-vane geometry and composition
are kept constant. The energy dependence of the various neutronic param-
eters determining the control span are analyzed by detailed neutron bal-
ances. These parameters include leakage rates, capture reactions, and
changes produced in core leakage by introducing the control vane.

In Section III the neutronic properties of the poison-free reflectors
are analyzed. Parametric studies of reflector effectiveness with respect to
changes in reflector weight and volume are made.

In Section IV the existence of optima with respect to the control span
in some of the design parameters are explained. For three reflectors with
different spectral characteristics the optimum vane thickness and vane com-
position were calculated. Correlations between the control span and other
more directly calculable parameters are made.

In Section V a separate, but very important, ancillary problem is
considered: the (n,a) heating of the control vane produced by neutron cap-
ture by boron. Because of the high reaction cross section and the high boron
atomic densities of the vane, the (n,a) heating rate can reach and even ex-
ceed core-heating rates. In addition, because of its strong dependence on
the low-energy neutron flux, the (n,a) heating rate usually will have an
extremely unequal spatial distribution. It is recommended that the (n,a)
heating rate should be taken into account right at the start in control-vane
design, since it could even influence the choice of reflector and control
materials.

The data and analytical methods on which the study is based are
given in four appendices. Two FORTRAN codes written especially for the
study are also given.
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In conclusion, a word to the reader who will hopefully find the study
most useful, that is to the reader actually engaged in some phase of reflec-
tor located control mechanism design. Sections III and IV and for those
concerned with heat transfer design, Section V, have the most practical
application. These sections were purposely written in a more general way.
An effort was made not to overload them with details; most of the calcu-
lational specifics of these sections are described in the appendices.

Section II is concerned directly with the basic neutronic differences of the
reflector materials, and in order to express these resort was made to a
large amount of detailed data. For a general understanding of the control
neutronics a superficial reading of Section II should suffice. The details
will be important if the study is extended to other reflector or control
materials.
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II. COMPARISON OF IDENTICAL REFLECTOR
CONTROL-VANE CONFIGURATIONS

The series of calculations on which this section is based had the
purpose of classifying the chosen reflector materials according to their
neutronic properties and determining the effect that said properties had on
controllability. The objective was to evaluate the neutronic properties of
the various reflector materials under as identical conditions as possible.
Therefore, such parameters as reflector thickness and control-vane geom-
etry and composition were kept identical in this series of calculations.

Throughout this study the term "reflector properties" will be used
in many different ways. As the need arises, such reflector properties as
neutron reflectivity, moderating power, absorptivity, and weight-volume
relationships will be defined and used in comparing the reflector materials.
Conclusions will be drawn from the comparisons and design recommenda-
tions made. It thus seems appropriate at this point to emphasize the pri-
mary source from which all of these "reflector properties" are obtained.
This is, of course, the set of neutron cross sections of the various nuclides
involved. In a very real sense, therefore, the calculations and resulting
conclusions are only as valid as the basic data.

This is not a profound observation, but just because of its obvious-
ness it is at times ignored. A direct corollary is that it is futile, and at
times misleading, to derive relationships from the basic data which crowd
the limits of accuracy of these data. The very important question thus
exists--is the calculated effect real or is it just a calculational peculiarity
inherent in the inaccuracy of basic data used? This question can be par-
ticularly relevant in calculations where the final answer is obtained as the
difference of two separate computations which represent the subtraction of
one uncertain cross section from another that is equally uncertain, The
difference has a greater uncertainty associated with it than the basic cross
sections.

Much of the experimental work which can be used for verifying the
basic data and the calculations has been performed as a part of the Argonne
ZPR-9 critical program and is reported in Refs. 1 through 4, The experi-
mental work there presented covers a range of fast assemblies with core
compositions similar to that of the core used in these studies. The (until
recently) unstudied tungsten diluent is present in most of these assemblies
at various concentrations. Additional pertinent experimental work has been
conducted in the Soviet Union.””7 The experiments give a good basis for
verifying various general types of reactor physics calculations. Thus, good
estimates are available as to the degree of accuracy obtainable for the de-
terminations of the critical mass, the neutron lifetime, or the reactivity
worth of various materials located in the core. The adequacy of the calcu-
lated integral neutron spectrum is implied by the generally excellent agree-
ment between calculated and measured values of the spatial distribution in
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the core of important reaction rates such as the fission in UZB‘S or capture ;
in boron. It is true that good information concerning the details of th}f ne}‘:-
tron spectrum is still scarce. The data here are prov1fled'by s t l"ei
old reaction ratios, which in general can only give qualitative informatio
on the neutron spectrum above several hundreds of kilovolts.

al data and of the im-

A quantitative presentation of the experiment
o ok ; + de the scope of

portant agreement between experiment and theory is gut51 - :
this study. The general evaluation of this agreement 15 as follows:

All reactor core physics parameters of interest to this stud)f can
be calculated to a reasonable degree of accuracy. In cases. where d1§—
crepancies do exist, the direction and magnitude of these discrepancies
are usually adequately known. The presence of large amounts of tungsten
in the core introduces less uncertainty than would, for example, the' i
tronically much more extensively studied U**®. The reasonably optimistic
picture presented above applies most directly to reactor core parame?ers.
Understandably enough, core properties have received the most experi-
mental and analytical attention to date, with the consequence that neutronic
properties of the reflectors have been somewhat neglected. The calcula-
tions performed for this report concern themselves mostly with neutron
reactions occurring in various reflectors and with the neutronic properties
of the reflectors themselves. Few experimental data are available*’"'® to
verify these calculations directly, and mostly the verification has to be
based on the inference from core measurements. For this reason compre-
hensive quantitative estimates of the accuracy of presented results cannot
be obtained. The available reflector-oriented experimental data and their
correlation with calculated values are given in Appendix A. A qualitative
evaluation of accuracy based on the available experimental data is as follows:

The conclusions about the relative merits of control and reflector
materials have a high degree of validity. Except for cases where the rela-
tive merit indices approach to within ~5% of each other, the conclusions
can be regarded as quite definitive.

Absolute calculated values of control spans can be in error by as
much as 30%, although usually 10-20% is a better error estimate,

The cross sections employed in the calculations are

given in Ap-
pendix A. ;

A, Basic Calculations

The choice of reflector materials was limited to elements which by
themselves or in compounds would be suitable for reflecting a high-specific-
power-density fast reactor and which would span a wide range of neutron
spectra in the reflector, Purposely and after considerable deliberation
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elements which would be "too moderating" were excluded from considera-
tion. Such materials are H, Li, Be, and their compounds. This does not
mean that these materials cannot be used as reflectors for fast reactors,

but it certainly does imply that the use of these nuclides results in unique
design problems.

For this study the strongly moderating reflectors were not included
because they introduce a great analytical complexity as well as invalidate
the basis on which the reflector materials are to be compared. As stated
in the introduction, this basis is the use of the same core for all the re-
flectors. Theoretically, of course, this basis could be extended to the mod-
erating reflectors also, but the results would be meaningless in practice.
Take, for example, the comparison of identical beryllium- and nickel-
reflected cores. The control span achieved by the beryllium-reflected core
would very well be twice as large as for the nickel-reflected core; however,
the beryllium-reflected core would have a power spike of maybe a factor
of 5 over average core power at the core-reflector interface. Clearly,
even on paper, the simple beryllium-reflected core would be unacceptable.

The mean neutron energy for the moderating materials in the re-
flector is lower, by several orders of magnitude, than the mean neutron
spectrum in the core. This means that, for a uniformly loaded core, there
is a spectrum transition region at the core-reflector interface in which
power spikes of up to 4 or even 10 times the average core power are pro-
duced. Such power spikes are, of course, completely unacceptable in the
framework of current technology of design, Considerable design ingenuity
would be required to eliminate them. Very extensive core-edge fuel-
concentration grading or outright shielding of the core from the lower-
energy neutron spectrum would have to be built into the reactor in order
to achieve a workable design. The very necessity of such design complica-
tions illustrates what may be a basic incompatibility of a fast-spectrum
core and a truly moderating reflector. In a sense, the choice of a moder-
ating reflector and the design steps required afterwards to make the core-
reflector combination workable are at complete cross purposes. Although
those complications do not rule out the use of a moderating reflector, it is
believed that the very achievement of a workable design will reduce the
benefits for which the moderating reflector was originally chosen to such
a degree that they will not compensate for the additional design complexity.
For example, this proved to be the case for a particular design9 which
evaluated the relative merits of a beryllium and an alumina reflector.

Based on a study of this "edge power spike' problem, it was deter-
mined that the most moderating thick reflector material that might be
acceptable in practice is carbon. For a reflector thickness of 25 cm and
a density of 70%, the power spike produced at the edge of a carbon radial
reflector approximately matches central core power. The other materials
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. 1,05, All
chosen for the study were depleted U, Al, Ni, Fe, Mo, Z:’ azdr‘:szenst R
of these are elements except the Al,O3, which was chosen to rép
promising class of oxides.

In the calculations a simplified model was used which ?:&;)aos llirzzernjzfe
to approximate realistic rocket reactors. A tungsten-based, d- puliivoir
was chosen for evaluating the reflector materials. The core had a p
of 40% and was fueled with highly enriched UO;.

The reflectors, 25 cm thick and with a porosity of 30%' qEnE asB-
sumed to be composed only of a single material. As shown in Section B,
this combination of thickness and porosity approximately j:lpproaches ant
effectively infinite reflector for most materials. The choice of a' reflector
of close-to-infinite thickness is consistent with the purpose of‘ this study.
The objective is to focus upon the effect which the neutronic differences of
the reflector materials have upon the achievable control span. One r'nethod
of achieving this is to maximize the importance of these reflecto?'s, i.e.,
make them close to infinite size. (Volume and weight considerations are,
of course, very essential in the design of a practical reactor, and these
considerations are taken up in Section III.)

The calculations were performed with the DSN code in spherical
geometry and used the S; angular approximation. The S4 approximatiox.u has
been shown to be adequate for calculations for which the minimum region
thicknesses are not below 0.5 of a mean transport length. All calculations
performed in this series fell in this class. The cross-section set used is
presented in Appendix A.

As compared to the cylindrical geometry of the actual rocket cores,
where the control poison is located only in the radial reflector, the spheri-
cal model used in this calculational series overestimates the effect of the
reflector. For this phase of the study such an overestimate is an advantage
since it emphasizes the differences in the reflectors and in their control
capability. In subsequent calculations the cylindrical model was employed.

It should be emphasized at this point that only one-dimensional cal-
culations were used in the study. Whether in spherical or cylindrical geom-
etry, the control region was represented by a continuous, concentric "poison
curtain" region. For the comparative evaluations of this study, in which all
of the materials considered are compared under identical conditions, such
a method is valid. The translation of the presented control spans to the
discrete control-vane configurations of an actual design must be done with
great care. The practice employed in similar cases has been to reduce the
calculated control span for the continuous curtain by the fraction of the
solid angle spanned by the discrete control vanes.




For all of the eight chosen reflector materials, 3 problems evalu-
ating both the real and the adjoint fluxes were run:

1. A base problem with a poison-free reflector. In this series
the reactivity computed by the base problem was taken to represent the
reactivity with the control drums in the OUT condition. Both keff and criti-
cal fuel concentration were calculated.

2. A problem incorporating a concentric, 2-cm-thick region in the
reflector, 4 cm from the core-reflector interface. This region represented
the control vanes with the drums in IN condition and contained 20 v/o of
natural boron. The porosity of the region was 50%; the balance consisted
of the reflector material.

3. A problem identical to problem No. 2 except that one-half of
the poison volume was occupied by hydrogen at the atomic density of water.

The calculational series thus provided data for two types of evalu-
ations. Problems of type 1 allowed a comparison of the pure reflector
materials; problems of type 2 and 3 evaluated the effect of 2 standard
poison compositions. A quantity proportional to the control span is ob-
tained from the difference in the calculated reactivities of type 1 and type 1
and 2 problems.

The multigroup output of both real and adjoint fluxes provided by
the problems was used to obtain energy-dependent neutron balances for all
reactor regions. The control span was found to be quite sensitive to the
energy of the absorbed or reflected neutrons; thus a detailed energy-
dependent analysis of all the neutronic reactions was necessary. A FORTRAN
code was written especially for this purpose and is presented with some
energy-dependent data in Appendix B. The more important results of the
calculations are outlined in this section. The presentation is divided into
three parts: 1. the overall energy-independent results; 2. the energy de-
pendency of the parameters determining the control span; 3. correlations
between the control span and other more directly computable parameters.

B. Energy-independent Control Parameters

All of the presented results are based on multienergy-group cal-
culations; thus the parameters involve reaction rates summed over neutron
energy, Also of importance are the sums of the neutrons leaked into the
reflector and the reactivity changes produced by this neutron leakage.

Several of the important energy-dependent control parameters are
summarized in Table I.

T



t Control Parameters

TABLE 1. Energy-independen
(c) (d)
Relative Control- Net Neutron Neutron Control
R Reflector(a) vane Leakage Fraction'© et
Composition Worth (% Ak) Composition Fraction Absorbed by B (% LK)
0.382
0.384 0.0462 1,04
el g B?H 0.386 0.0359 1,22
0.349
0.0291 0.52
3 B 0.352 .
o ’ B+H 0.352 0.0184 0.72
0.276
3 2.66
B 0.303 0.069
Ve e BiH 0.298 0.0526 2.40
0.302
Ni +1.0 B 0.315 0.0462 1.51
B+H 0.315 0.0392 1.71
0.324
Fe -1.8 B 0.333 0.0389 1.14
B+H 0.331 0.0308 1.17%
0,297
Mo +2.1 B 0.306 0.0415 1.19
B+H 0.306 0.0304 1.36
0.286
C +0.67 B 0.321 0.0893 3.45
B+H 0.317 0.0725 3.18
0.303
Zr +0.83 B 0.316 0.0422 1.57
B+H 0,313 0.0306 1.54

(a)Relative worth with respect to a depleted-uranium reflector. Reflector thickness in all
cases 25 cm.

(b)2_cm-thick control vane located 4 cm from core-reflector interface. 20 v/o of control
material, natural boron and hydrogen at water density.

(C)Neutron fractions are given with respect to a total neutron source of 1. The first number
in the net-leakage column represents the leakage for the reference core (no poison).

(d)Reactivity difference between the control vane in IN and OUT positions.

The parameter having the most direct interest is the "control span,"
shown in the last column of Table I. For purposes of this series of calcu-
lations the control span is defined as the reactivity difference between
equivalent boron-free and boron-containing problems.

The first observation about the'control span is that it demonstrates
a surprisingly large divergence among the eight reflectors studied. Thus,
in terms of the control span, aluminum is by far the poorest reflector,
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whereas Al;O; is almost at the top of the list. The difference amounts to a
full factor of 5 for the control span produced by the control vane containing
only boron and to about a factor of 3 for the control span produced by the
vane containing boron plus a hydrogenous moderator. The existence of such
a large difference between materials which at first glance do not seem to

be so drastically different neutronically illustrates that a more detailed
understanding of the controllability problem is required. The necessity for
more precise information is illustrated further when the effect of the sub-
stitution of hydrogen for boron in a control vane located in the two reflectors
is considered. As shown by the calculations, for the vane located in an
aluminum reflector, a replacement of 50% of the boron with a hydrogenous
material results in an increase in the calculated control span of ~35%. This
very same process when performed for an identical vane located in an Al,O;
reflector produces a decrease of ~10% in the control span. Similar obser-
vations can be made for the other reflector materials. The introduction of
a hydrogenous moderator into a control vane will be analyzed in much more
detail in subsequent sections.

The first column of Table I presents a "relative reflector worth"
which is derived from the poison-free calculations and thus applies only to
the reflector material. The reflector worth is defined as the relative re-
activity worth of the reflector with the depleted-uranium reflector taken
as a standard. The depleted-uranium reflector was chosen as a standard
of comparison simply because most of the available critical data is of as-
semblies reflected by depleted uranium. It does not imply a recommenda-
tion of depleted uranium as a specially well-suited reflector material.
Mathematically, this ratio is expressed as follows:

[ Worth of ] _ Keff(Refl A) ~ Xeff(Depl-U Refl)
Reflector A keff(Depl-U Refl)

The table shows that this parameter exhibits an even wider varia-
tion for the eight reflectors under study than the control span. The neu-
tronic difference between the aluminum and Al,0; reflectors is especially
pronounced. Thus, the values of calculated reflector worth show that the
interchange of an aluminum with an Al,O3 reflector would result in a re-
activity gain of ~7% Ap. This amounts to an ~35% critical mass change
for constant-fuel-concentration assemblies.

Variations in reflector worth are appreciable also for the other re-
flector materials. However, this variation is only approximately correlated
with the control span. This can be seen in comparing the values of reflector
worth and control span for the molybdenum and carbon reflectors, Carbon
outranks molybdenum significantly in terms of the control span, but molyb-
denum has the higher reflector worth. The reason for the poor correlation
is that for the fast-neutron-spectrum cores employed in the calculation the
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reflector to con-
1 span, on the other
rum.

reflector worth is dependent mostly on the ability of the
tain fast neutrons. The energy dependence of the contro .
hand, is influenced more heavily by the lower end of the neutron spec

It is possible now to rank the reflectors according to these t:wot w0
merit criteria. However, for design purposes such rankings \yould no s
of much use. As is shown in the following sections, the nrelative reflz;ent
worth," especially for reflectors thinner than 30 cm, is strongly de?e
on reflector thickness. Different reflector thicknesses would there orz
produce a different merit scale of the reflector materials. In- the sam g
manner, the control span is very strongly dependent on Athe t.h1c_knesfs an .
composition of the control vane. This dependence is qulte‘dlStlﬂCt or eac
reflector material. For this reason, a comparison which is lbast'ed on the
same control vane for all reflectors does not give a true indication of t'he
ultimate control span which can be achieved in a given reflector material.

It is, therefore, more appropriate to use these calculations to answer
the question of why these large computed differences exist. Two of t.he pa-
rameters which might be expected to cause these differences and which most
directly determine the control span and the relative reflector worth are also
presented in Table I.

Column 3 shows the net neutron leakage into the various reflectors.
The fast-neutron source in all of the reactors has been normalized to one.
The net-leakage fraction therefore represents the percent (when multiplied
by 100) of the neutrons leaked from the core minus the percent returned to
the core by the reflector. (The normalization of the total source to one ac-
counts for the abnormally large leakage fraction shown for the depleted-
uranium reflector, since in that case the fission source is not confined to
the core.)

The net leakage into the boron-free reflector is inversely propor-
tional to the reflector worth. Lower net leakages imply a larger fraction
of neutrons returned to the core and thus higher reflector effectiveness.
The difference between the leakages into the boron-containing reflector and
into a boron-free reflector is approximately proportional to the reflector
span. The increased leakage into the boron-containing reflectors is ob-
tained by a reduction of the fraction of neutrons being returned to the core.
The energy distribution of this very important reflected neutron fraction
varies widely among the eight reflectors, and this variation accounts for
the distinct individuality of the reflector materials.

The importance of the energy distribution of the neutron reactions
which produce the above changes in neutron leakage is illustrated by the
calculated values of Column 6, which shows the total fraction of neutrons
captured by the boron poison of the control vane. (Normalization is again
to one source neutron.) The important point to note is that the summation




over energy for this reactionis not directly proportional to the control span.
In some cases, in fact (i.e., for the Al, Mo, and Ni reflectors), decreases

in the absorption fraction produced by the substitution of hydrogenous mate-
rial for 50% of the boron resulted in actual and appreciable increases in the
control span. Since the control span is a direct consequence of the reac-
tivity decrease produced by neutron absorption in the control vane, this
observation shows that the energy distribution of these absorbed neutrons
plays a very large role.

C. Energy Dependence of Parameters Determining Control Span

Tables II-VI present the energy dependence of the parameters most
directly determining the control span. Appendix B contains additional
energy-dependent data for the individual reflectors and also presents the
neutron-balance code with which the data shown in the tables were computed.

TABLE II. Leakage Neutrons for Five Reflector Compositions

Energy-group .
TS (o} Al,O4 Ni Fe Al

Control Span (% Ak) 3.45 2.66 1.51 1.14 0.533
1) 10 MeV - 1.4 MeV 0.0813 0.0731 0.0746 0.0712 0.0636
Leakage fraction* 1.4 MeV - 0.4 MeV 0.1718 0.1565 0.1236 0.1362 0.1476
for reference (no 0.4 MeV —+ 17 keV 0.1151 0.0977 0.1110 0,1230 0.1386
boron) core. 17 keV — thermal -0,0820 -0.0511 -0.0067 -0,0065 -0,0009
Total 0.2862 0.2762 0.3025 0.3239 0.3489
2) 10 MeV —~ 1.4 MeV 0.0719 0.0689 0.0727 0,0697 0.0633
Leakage fraction for 1.4 MeV - 0.4 MeV 0.1640 0.1533 0.1278 0.1385 0.1488
reactor with boron- 0.4 MeV = 17 keV 0.1201 0,1071 0.1179 0.1285 0.1412
containing control 17 keV — thermal -0,0353 | -0.0257 | -0.0037 | -0.0038 [ -0.0008
geisnt I pocation. Total 0.3207 | 0.3036 | 0.3147 | 0.3329 | 0.3525
(Leakage fraction);-- 10 MeV - 1.4 MeV 0.0094 0.0043 0.0019 0.0015 0.0003
(Leakage fraction), 1.4 MeV - 0.4 MeV 0.0078 0.0032 -0.0042 -0.0023 -0.0013
0.4 MeV = 17 keV -0.0050 -0.0093 -0.0069 -0.0056 -0.0026

17 keV — thermal -0.0468 -0.0254 -0.0030 -0.0027 -0.0001
Total -0.0346 -0.0272 -0.0121 -0,0091 -0.0037
Fraction of neutrons 10 MeV —~ 1.4 MeV 0.0005 0.0006 0.0012 0.0004 0.0005
absorbed in boron 1.4 MeV - 0.4 MeV 0.0017 0.0018 0.0032 0.0029 0.0023
containing control 0.4 MeV = 17 keV 0.0235 0.0286 0.0271 0.0252 0.0213
vane. 17 keV - thermal 0.0636 0.0383 0.0146 0.0105 0,0051
Total 0.0893 0.0693 0.0461 0.0389 0.0292

*All neutron fractions are given with respect to a total neutron source of 1.

The tables present the quantitative differences in the characteristic
neutron spectra of the eight reflectors. These spectral differences change
the energy distribution of the neutron reaction rates which in turn deter-
mine the variations of the control span. Unfortunately, the detail required
for this purpose can literally succeed in obscuring it. For this reason
the energy breakdown is presented in two steps. Table II presents an
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easily interpreted four-energy-group analysis, and the subsequent tables

expand the energy division of Table II into 16 energy groups.

TABLE IIl. Energy Distribution of Leakage Fraction into Boron-free Reflectors

Energy Lower Reflector Material
Energy W
gl Limit Depleted-uranium | Aluminum | Al203 Nickel Iron Wolypdengim) | sCarbon ~f “FHE
2611
1 @©-3 MeV 0.04275 002319 002773 0.02612 0.02391 0.02582 33;‘1’;’; 3,34729
(] 1.4 Mev 0.08081 0.04043 0.04542 0.04846 0.04730 0.04781 ez 0.04301
3 0.9 MeV. 0.05713 0.04255 0.04753 0.03489 0.04042 0.03329 i 0.08832
4 0.4 MeV 0.10760 0.10501 0.108% 0.08871 0.09577 0.08261 e 0.089%
5 0.1 MeV 0.06580 0.10670 0.09%82 0.093% 0.09787 0.08587 0.006% 0.01688
6 17 keV 0.02768 0.03187 000094 | 0.01708 0.02510 002217 o | -owsse
i 3 keV 0.000579 0000392 | -0.02248 | -0.00126 | -0.00270 200129 o092 | 000175
8 0.5 keV. 0.000110 0000402 | -0.0105 | -0.00254 | -0.00224 <10 Dot | 000w
9 100 eV <10- <104 -0.00760 | -0.00148 | -0.000776 000699 <104
10 Nev 000314 | -0.00684 | -0.000350 00T
11 10eV -0.00168 | -0.000373 | -0.000197 e
12 3eV 000106 | -0.000231 | -0.000125 e
13 lev 0000505 | <104 <104 300157
14 04ev -0.000263 000164
15 0.1ev -0.000194 000354
16 Thermal -0.000148
Total 0.38247 0.34888 0.27626 0.30251 0.32389 0.29688 0.28625 0.30326

TABLE IV. Energy Distribution of the Increase in Leakage Produced by the Introduction
of Boron-containing Control Vane into the Reflector

Reflector Material
Energy
Group Depleted Uranium Aluminum Al203 Nickel Iron Molybdenum Carbon Zirconium
1 0.00155 0.00017 0.001% 0.00069 0.00047 0.00036 0.00383 0.00065
2 0.00284 0.00011 0.00239 0.00122 0.00107 0.00072 0.00560 0.00112
3 0.00103 -0.00003 0.00197 -0.00081 -0.00004 -0.00121 0.00385 0.00019
L) ~0.00060 -0.00124 0.00124 -0.00335 -0.00227 -0.00289 000391 -0.00317
Kl -0.00772 -0.00271 -0.00280 -0.00432 -0.00425 000446 -0.00072 -0.00557
6 0.0009%0 0.00010 -0.00653 -0.00259 -0.00132 -0.00138 -0.00430 -0.00328
i 0.00031 0.00003 -0.00694 -0.00015 -0.00056 -0.00009 -0.00650 -0.00161
8 <105 -0.00006 -0.00672 -0.00075 -0.0009 <10 -0.00854 -0.00071
o <10-5 -0.00532 -0.00088 -0.00053 -0.008%4 -0.00021
10 -0.00270 -0.00054 ~0.00030 -0.00577 <10
11 -0.00159 -0.00033 -0.00019 -0.00432
12 -0.00105 -0.00022 -0.00012 -0.00365
13 -0,00050 -0.00008 <104 -0.002%0
1 -0.00026 <105 -0.00157
15 -0.00019 -0.00164
16 -0.00015 -0.00354
Total -0.00165 -0.00367 -0.02125 -0.01215 -0.00906 -0.00891 -0.03460 -0.01264
TABLE V. Energy Distribution of the Increase in Leakage Produced by the Introduction
of B+H-containing Control Vane into the Reflector
Energy Reflector Material
Group Depleted Uranium Aluminum Al203 Nickel Iron Molybdenum Carbon Zirconium
1 0.00124 0 0.00129 0.00052 0.00018 0.00024 0.00305 0.00022
2 0.00216 -0.00054 0.00110 0.00071 0.00029 0.00026 0.00401 0.00007
3 0.00065 -0.00051 0.00119 -0.00116 -0.00061 -0.00150 0.00287 -0.00048
4 -0.00186 -0.00293 -0.00025 -0.00564 -0.00445 -0 00469 0.00228 -0.00541
5 -0.00970 -0.00421 -0.00430 -0.00589 -0.00599 -0.00583 -0.00191 -0.00740
6 +0.00187 0.00038 -0.00748 -0.00200 -0.00068 -0.00081 -0.00488 -0.00270
7 +0.00204 0.00222 -0.00398 0.00100 0.00251 0.00221 -0.00477 0.00243
8 +0.00050 0.00134 -0.00245 0.00077 0.00142 0.00075 -0.004% 0.00232
9 <10 0.00049 -0.00226 0.00010 0.00038 0.00012 -0.00535 0.00093
10 0,00010 -0.00160 -0.00017 -0.00001 <100 -0.00405 0.00020
1 <10"5 -0.00118 -0.00020 -0.00009 -0.00348 <105
12 -0.00091 -0.00017 -0.00010 0.00329
1 -0.00048 <104 <10"% -0.00221
1 -0.00026 -0.00154
1> -0.00019 e -0.00163
16 -0.00015 -0.00354
Total -0.00309 -0.00363 -0.02191 -0.01225 -0.00720 -0.00922 -0.02934 -0.00975




TABLE VI. Absorption Fraction in Boron Control Section
(Source in Boron-free Problems Normalized to 1)

Energy Reflector Material
Group Depleted Uranium Aluminum Al203 Nickel Iron Molybdenum Carbon Zirconium
1 0.000606 0.000104 0.000148 0.000452 0.0000827 0.0000858 0.0000871 0.0000848
2 0.00140 0.000422 0.000447 0.000767 0.000324 0.000398 0.000428 0.000392
3 0.000607 0.000271 0.000209 0.000398 0.000346 0.000565 0.000223 0.00143
4 0.00366 0.00201 0.00158 0.002802 0.002528 0.00374 0.00144 0.00250
5 0.01972 0.01087 0.01042 0.01280 0.012631 0.01487 0.00861 0.01302
6 0.01512 0.01042 0.01822 0.01431 0.012568 0.01492 0.01486 0.01462
1 0.00449 0.00398 0.01635 0.00664 0.005821 0.00592 0.01765 0.00748
8 0.000555 0.000923 0.01133 0.003851 0.002846 0.000922 0.01687 0.00222
9 0.0000325 0.000143 0.00642 0.002365 0.001094 0.0000683 0.01314 0.000411
10 <106 0.0000133 0.00237 0.000959 0.000393 <10 0.00652 <10
1 <10-5 0.00100 0.000440 0.000178 0.00366
12 0.000468 0.000230 0.0000886 0.00229
13 0.000189 0.000091 0.0000331 0.00128
14 0.0000755 0.000032 0.0000103 0.000706
15 0.0000437 <10° <107 0.000623
16 0.0000242 0.000882
Total 0.04619 0.02914 0.06930 0.04616 0.0389%4 0.04150 0.08927 0.04220

The first section of Table II shows the net leakage from the core
into the boron-free reflector. As seen, the positive outward leakage for
neutrons above 17 keV is remarkably alike for all reflectors. The real
differences in the leakage spectrum show up only below 17 keV. Below
17 keV the leakage becomes negative, that is, the direction of net neutron
transfer is inward into the core. This leakage fraction is fairly small
compared to the total net leakage, but it has a disproportionate importance,
since precisely these neutrons can be affected most directly by the intro-
duction of poison into the reflector. The neutronic difference existing be-
tween the reflectors show up very clearly in this region of the neutron-energy
spectrum. Thus the in-leakage fraction for 17-keV neutrons and below is
0.08 for a carbon reflector and 0.0009 for an aluminum reflector, a change
of 2 orders of magnitude. This difference becomes even more distinct as
the neutrons below 17 keV are subdivided further, as is done in Table III.

The net leakage into a reflector containing a boron control vane is
presented in the second section of Table II. The difference between these
leakages (that is, the leakage into the boron-free reflector minus the
leakage into the boron-containing reflector) is the parameter by which the
vane poison achieves its controlling effect. This "leakage change" param-
eter is thus a more directly computable and analyzable measure of the
control span. It is presented for four energy groups in the third section of
Table II and for the full 16 energy groups in Tables IV and V.

Because of its differential nature, this leakage-change parameter
would be expected to amplify the neutronic differences of the various re-
flectors. An inspection of Tables IV and V shows differences in the lower-
neutron-energy spectra with different reflectors are especially pronounced.
There is, however, one completely consistent and surprising similarity. It
is shown that for all reflectors the change in the leakage for neutron ener-
gies above 1.4 (and for carbon and Al,0; above 0.4 MeV) is positive. This
literally means that the introduction of boron into the reflector results in

23



24

his
fewer neutrons above 1.4 MeV being leaked into that same feflectori d

occurs in spite of the fact that in some cases ~5.0% of the total neutronsted
absorbed by the control poison are neutrons above 1 MeV. This une{‘Pef: "
phenomenon is produced by a shift in the spatial distribution of the fls'SIt(;r-
neutron source caused by bringing poison close to the core-reflector 11 :
face. The proximity of the poison decreases the fission-neutron sourcza
the core edge and thus reduces the leakage of neutrons from the core €Cge
region. The effect of this leakage decrease is most pronounced for neu-
trons above 0.4 MeV, for which the transport mean free path is large.

This energy dependence of the leakage change points out a mec.ha-
nism which will favor the "hard-spectrum reflectors" for designs having
radially flattened power distributions. For most of the reflectors consid-
ered in this study, radial power flattening would be achieved by increasing
the fuel concentration in the outer regions of the core. The degree of
variation of fuel concentration would be sizeable for the hard-spectrum
reflectors and quite small for the Al,O; and carbon reflectors. A shift of
the fission-neutron source toward the core edge produced by an actual
shift of fuel would not be changed by the inward rotation of the control
drums. The increase in neutron leakage obtained in this manner would
thus be available for control purposes.

An accurate analysis of this effect for all of the eight reflectors con-
cerned would require eight separate multiregion cores and consequently was
not attempted. A single analysis for the aluminum-reflected core showed
a core with a radially flattened power distribution (power flattening achieved
by three separate fuel concentration regions) and a control span ~15% higher
than the unflattened case.

Another positive change in the leakage of neutrons shownin Tables IV
and V and occurring below 3 keV is produced, by a quite different mecha-
nism, through the introduction of a B+H-containing control vane into the
hard-spectrum reflectors (Al, Ni, Fe, Mo, and Zr). This phenomenon is
due to the fact that prior to the introduction of the hydrogen-containing con-
trol vane the neutron population below energies of 3 keV is vanishingly low.
The introduction of the B+H vane through its moderating ability actually
acts as a source for these neutrons. As Table V further shows, this in-
crease in backleakage of neutrons toward the core is reversed for energies
below 30 eV in case of the nickel and iron reflectors. This indicates that
the increased absorption cross sections at these energies outweighed the
neutron-moderation source. These qualitative observations about the en-
ergy distribution of the leakage neutrons imply that the hard-spectrum re-
flectors in this sequence of calculations have not yet realized their full
control potential. The concentration of boron or the ratio of boron to hydro-
gen can be changed to a degree wheréby the positive leakage occuring below
3 keV is eliminated. This "unrealized control potential" provides the basi
for the control vane optimization section. ¢
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Tables VI and VII present the energy distribution of the neutrons
absorbed by the boron in the boron- and the B+H-containing control vanes.
The absorption of neutrons in the vane is the primary reaction which pro-
duces the control span, and it has the added advantage of being easily com-
puted. It would thus be advantageous if the absorption fraction could be
used in place of the calculated control span or even the leakage change.
This, however, cannot be done simply. As is shown in Table I, for a range
of reflectors the interchange of 50% of the vane boron with a hydrogenous
moderator results in a lower fraction of neutrons absorbed in the reflector.
The decrease in the total fraction of neutrons absorbed is then associated
with an increased total control span. As shown further in Table V, this
increase in control span is realized in spite of the fact that the hydrogenous
moderator actually increases the backleakage of neutrons below 3 keV into
the core. Obviously, the importance of the neutrons absorbed and leaked
back into the core is extremely dependent on their energy. This energy
dependence is presented in Section IV, where it is shown that the reflector
adjoint flux decreases significantly for neutron energies below 5 keV. The
decrease in adjoint flux is caused by several factors. For one, the reso-
nance absorption of the tungsten, which is a major core component, lowers
the ratio of core fission to capture for these neutron energies. Further,
the return probability for lower-energy neutrons is lower because of their
lower mean free transport length. The existence of this adjoint-flux de-
pression means that absorption is not the only method by which reactivity
can be decreased. The moderation of neutrons, quite independent of their
eventual capture, also will usually result in a loss of reactivity.

TABLE VII. Absorption Fraction in H+B Control Section
(Source in Boron-free Problem Normalized to 1)

Reflector Material

Energy

el Depleted Uranium Aluminum Al203 Nickel Iron Molybdenum Carbon Zirconium
1 0.000575 6.3 x 1075 0.000111 0.000427 0.0000479 0.00004% 4.47 x 1075 4441075
2 0.00125 0.0002082 0.000225 0.000615 0.0001716 0.000232 0.000214 0.000201
3 0.000497 0.0001342 0.0001044 0.000238 0.0002044 0.000397 0.0001108 0.001289
4 0.00262 0.000972 0.000775 0.00150 0.001344 0.00247 0.000703 0.001280
5 0.01174 0.005266 0.005084 0.00640 0.006310 0.00853 0.0041% 0.006440
6 0.01015 0.005285 0.008922 0.00749 0.006492 0.00886 0.007277 0.007477
7 0.00511 0.003189 0.009886 0.00674 0.004926 0.00560 0.010044 0.005%8
8 0.00236 0.001800 0.009737 0.00524 0.004417 0.00270 0.012319 0.00405
9 0.00108 0.000964 0.008524 0.00505 0.003443 0.00105 0.013353 0.00239
10 0.000333 0.000333 0.004470 0.00275 0.001764 0.000334 0.00868 0.000855
1 0.000108 0.0001417 0.002460 0.00150 0.000936 0.000127 0.005872 0.000361
12 <107 6.17 x 10-5 0.001349 0.000788 0.000484 <10-3 0.004051 0.000158
13 1.9 x 107 0.000567 0.000286 0.000180 0.002238 5.07 x 1075
14 59 x10°6 0.000222 0.0000946 0.000058 0.001167 1.47 x 1075
15 18 x106 0.000118 0.0000355 0.000021 0.000956 48 x106
16 36 x1077 00000555 | 6.66 x 1076 3.83x 1076 0.001238 9.6 x10°7
Total 0.03588 0.018446 0.05261 0.03917 0.03080 0.03043 0.072462 0.03060

D. Correlation of Directly Calculable Control Parameters with the
Control Span

One of the important objectives of the study was the definition of a
parameter which would be proportional to the control span but which could
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be calculated more directly. As noted in the introduction, a simply ar}a'li}’t
ical expression which would meet the above requirements does not emsth.e
An analytical expression was thus ruled out, and the objective became ol
definition of a not necessarily simple but more directly computable par pe
eter than the control span. An additional requirement of such a parame

is that it would demonstrate the dependence of the control span on neutron
energy.

An obvious candidate for such a role is the already discussed
"leakage change." Mathematically this quantity is represented as

16
Change in net leakage = z [LOUT = LIN] ,
j=1
where
Loy = net leakage fraction of neutrons with the reflector with
control drums in the OUT position;
Lyy = same as above, with drums at the IN position.

The leakage fraction is normalized with respect to a total reactor fission
source of 1 and the summation is over 16 energy groups.

This parameter is plotted versus the calculated control span in
Fig. 1. A line representing the ideal direct correlation which would be
most advantageous for calculational purposes is also given. As seen, the
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degree of correlation is not sufficient to allow the use of the leakage change
in place of the control span. In particular, it is shown that the small leak-
age changes produced by the poisons located in the group of hard-neutron-
spectrum reflectors are in terms of reactivity more effective than the
larger leakage changes of the softer-spectrum reflectors. This is related
to the general higher importance of the harder-spectrum neutrons, which

is treated further in Section IV,

The departure from a linear relationship demonstrates the necessity
to weight the leakage change by some type of neutron importance. Several
forms of group-by-group adjoint-flux weightings were attempted (see Fig. 2).
The weighting is of the form

Adjoint-flux- i
weighted change| = Z [LOUT - LIN]j¢_j+'
in net leakage =

where ¢J is in turn determined by the equations applicable to the weighting

scheme:
e = >
Average core f (z). dv
9% iconciii
adjoint flux /qb dv
[ ] +
Reflector- - Q>j b
core inter- | = 16 !
face adjoint Z ¢7L
J
flux =1
at core edge
] f ¢>"j" dv
Average e refl
reflector e ;
adjoint flux Z f dv
= refl

Of the three weighting schemes, the last, that is, the weighting by
the average reflector adjoint flux, was the most successful (see Fig. 2).
Both the core adjoint and the interface adjoint weightings produce two
essentially separate correlations: one for the hard-spectrum reflectors,
giving a Ap to weighted leakage-change ratio of ~1.5, and another one for
the softer-spectrum reflectors carbon and Al,0;, for which the ratio is
~1.05. The reflector-averaged adjoint by weighting the higher-energy-
region leakages more heavily brings both of these correlations quite close
together.

—
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The calculation of the energy-dependent leakage change has the ad-
vantage of bringing out the neutronic differences of the reflectors which
are obscured in a control-span computation, but aside from that, it is still
cumbersome. A much more simple computation would be the calculation
of the neutron absorption fraction in the boron poison. As noted previously,
neutron capture is not the only mechanism by which a control vane removes
neutrons; therefore, the capture fraction could not be expected to correlate
the control span for vanes having different compositions. This drawback
is not a serious one in a control-span calculation since in a calculational
set required to determine the control span the same vane composition ap-
pears at the positions with drums IN and at the drums OUT. Therefore, it
was of interest to test the degree to which the absorption fractions of an
identical control vane could be correlated to the control span.

The straightforward correlation of the unweighted absorption frac-
tion again demonstrates the difference in importance that neutrons of
various energies have (see Fig. 3). A simple weighting by the local control-
vane adjoint flux improved the correlation markedly, as shown in Fig. 3.
The adjoint-flux-weighted absorption fraction was consequently used in
some of the more extensive calculations required in obtaining optimum
thicknesses of control vane. A code was written in FORTRAN for this
purpose and is presented in Appendix C.
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III. EVALUATION OF POISON-FREE REFLECTOR MATERIALS

The ultimate limit on the amount of reactivity which can be con-
trolled from a reflector is obviously set by the reactivity worth of the re-
flector itself. As will be described in more detail in Section IV, Fhe variaus
reflector materials differ significantly in the manner by which th1's maxi-
mum reactivity limit can be approached. The fraction of'the maximum
which can be reached by employing various design steps 1s, however, re-
markably uniform for all materials.

This fraction is dependent most directly on the solid an.g‘le which is
spanned by the control vanes when the drums are at the IN position ant:.l by
the distance of the control drums from the core. For the range of design
parameters used in this study, it was determined that the control span can
approach ~60 to 75% of the total reactivity worth of the reflector. From t.he
control-span point of view a good first rule in choosing a reflector material
is to choose a material which has a large total reactivity worth. This worth
is intimately connected with the thickness and density of the reflector.
Section III presents a study of the dependence of the reflector worth for eight
materials over the entire practical range of thickness and volume.

A. Effect of Radial Reflector Volume on Conserved Reactivity

Aside from some limiting and thus all other criteria-overriding de-
sign parameters, the most important characteristics determining the choice
of a radial reflector material will be its volume and weight. The interde-
pendence of weight and volume is straightforward if only the radial reflector
is considered. In general, this will not be a realistic approach since the
important design-merit criterion is the total weight of the reactor and asso-
ciated equipment, of which the radial reflector constitutes only a part. This
overall weight is likely to be influenced more directly by the volume or
thickness of the radial reflector, since increases in reflector thickness will
usually result in increases in the weights of associated reactor equipment.
Further, the thickness of the reflector is more directly related to its neu-
tronic effectiveness. Reflector thickness is therefore the more important
criterion and will be considered first.

It has become standard practice to evaluate reflector effectiveness
in terms of reflector savings. This parameter gives a direct indication of
the saving in core volume that a reflector can produce. For the present
study, however, the core volume is determined and held fixed by such over-
riding specifications as total and specific core power; therefore, it is more
appropriate to evaluate the effect that a reflector has on a fixed-volume
core. For this reason the concentration of fuel in the core or the eritical

mass of a fixed core volume was chosen as a measure of radial reflector
effectiveness.



The calculations were performed in cylindrical geometry by diffusion
theory with the l6-energy-group cross-section set described in Appendix A.
A constant axial buckling was maintained for all calculations, and the axial
leakage produced by the buckling varied slightly between 11 and 12% of the
total neutrons produced. The important radial leakage which directly de-
termines radial reflector effectiveness varied from 32% for the bare core
to 17% for the thickest (50 cm) Al,O3 radial reflector. All problems were
iterated to a critical U?*® concentration.

The change in the net radial leakage produced by the reflector, which
is expressed in terms of the change in critical mass, is thus the index of
reflector merit. The savings in the total U%® inventory are of little impor-
tance by themselves; what makes them important indirectly is that they are
proportional to the amount of reactivity which is available in a given reflec-
tor for control purposes.

The rotation of control drums into the IN position has a similar neu-
tronic effect as the removal of the reflector section extending beyond the
poison of the control vane. In the same way, the rotation of the drums into
the OUT position removes the reactivity-enhancing effect of the outer re-
gions of the radial reflector extending beyond the control drums. The im-
portant point is that the poison subtracts reactivity in both locations and that
therefore the control span is directly proportional to the difference of these
subtracted reactivities. Therefore, to determine the ultimate limit of the
control span for a given reflector it is necessary to compare the effective-
ness of two reflector thicknesses. One thickness representing the control
drums in IN position is the distance of the outer radius of the control drum
from the core-reflector interface; the second thickness is the distance from
the inner edge of the control vane to the core-reflector interface when the
drum is in the OUT position.

With this in mind, Figs. 4 and 5 can be used to provide a good indi-
cation of what influence a certain radial reflector thickness will have upon
the ultimately achievable control span. It is assumed that at the IN position
of the drums the poison is located close to the core-reflector interface, then
the achievable control span is proportional to the decrease in the critical
mass produced by the reflector of a given thickness. Table VIII presents
the data in tabular form. These data have been used to construct merit
scales for reflectors of various thicknesses. Thus, for a 10-cm-thick re-
flector, the merit scale would run (beginning with the most advantageous
reflector):

Mo, Al,03, Ni, Depleted U, Zr, C, Fe, and Al.

For a 20-cm reflector it would be:

Al;,03, Mo, Zr, Ni, C, Depleted U, Fe, and Al.

For a 30-cm reflector:

Al;03, Zr, C, Mo, Ni, Fe, Depleted U, and Al.

3T
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TABLE VIII. Critical Mass vs Radial Reflector Mass
for a Constant-volume Core

Reflector Thickness, cm
Reflector Mass
Material 5 10 15 20 30 40 50
Depleted | Core Fuel 600.6 558 542 536.1 833 533 533
U Reflector 1362 2920 | 4648 6553 10900 159555V 1725
Al Core Fuel 639 603 579 564 548 541 538
Reflector 217 462 {35 1037 1724 2525 3437
ALO Core Fuel 601.3 550 520.6 50303 485.5 478 475
23 Reflector | 272 579 | 921.7 | 1300 2161 3164 | 4308
Ni Core Fuel 606 555 528 514 - 500 499
Reflector 659 1405 | 2236 3154 - 7677 | 10455
Fe Core Fuel 625 581 554 537 520 514 511
Reflector 586 1248 | 1986 2800 4656 6817 9283
Mo Core Fuel 582.6 532 512 504 500 499 499
Reflector 751 1601 (2548 3594 5976 8749 | 11913
c Core Fuel 617 567 537 518 497 486 481
Reflector 139 297 472 667 11 (0] 1623 2210
7 Core Fuel 613 563 5323 514 495.5 488 485.6
Reflector 482 1026 | 1633 2304 3830 5608 7636

The 20-cm merit scale coincides closely with the reflector merit
scale obtained in the initial evaluation of reflectors presented in Section II,
for which calculations were made with a 25-cm-thick reflector in spherical
geometry.

Figures 4 and 5 demonstrate well the crucial importance of the dis-
tance between the core and the control drum. The first 5-cm thickness can
account for 20 to 50%, depending on the reflector material, of the total re-
flector worth. In the design of a reactor system this important parameter
will probably be fixed by other than control considerations. Thus, once it is
determined it could well figure in the selection of the reflector material.
For example compare an iron and a molybdenum reflector (see Fig. 5). If
the control drum is almost adjoining the core, a molybdenum reflector would
have a better ultimate control potential at any thickness than a comparable
iron reflector. If, however, an unreducible distance of 5 cm exists between
the core and control drum, the situation is reversed. For a reflector of
25-cm thickness an iron reflector could achieve a total control span ~10%
larger than a molybdenum reflector of the same thickness.

The ultimate thickness of the reflector will usually be determined
by some weight or volume criteria. If the control span is the limiting
parameter determining reflector thickness, then a reflector of ~30 cm would
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) t materi-
be about the maximum thickness that should be considered for mos

als. Actually, as shown in Figs. 4 and 5, for most materials' even a“s”;‘n
crease above 20 cm in thickness results in relatively small increaseé i
reflector effectiveness. The maximum thickness of the reflectolr,thzz'ee 4 o
usually will be significantly larger than the important aver3_~ge dlsOaUT posi-
the control-vane poison from the core when the drums‘are in the et
tion. This is so since for some of the reflector materials the c'ontrtzl.stance
themselves can have an appreciable thickness. The average poison dl Fo
will be decreased further because of the curvature of the control drul’.nl- r
this reason the amount of reactivity lost to the poison in the OUT position

is larger than would be estimated from Figs. 4 and 5.

As will be shown in Section IV, even the fairly small amounts of re-

activity lost for a 25-cm-thick reflector can be signif'icz'mt. The control
span is proportional to the difference in reactivity existing between Fwo
control-drum positions. Therefore, even a relatively smfill change in the
absolute reactivity can be considerably amplified in the dl'ffe.rence. Th‘us,
increasing reflector thickness from 20 to 24 cm resulted in increases in
obtainable control span of 21% for Al,O3 and of 14% for nickel reflectors.
Increases past 25 to 30 cm would result in increases of only ~5-10% in the
achievable control span for C, Zr, and Al,O; radial reflectors. For the
other reflector materials the increases would be even smaller.

B. Effect of Radial Reflector Weight on Conserved Reactivity

The differences between reflectors would be expected to be grossly
amplified if the reflector effectiveness is correlated on a mass rather than
on a volume basis. As noted, the mass of the radial reflector influences the
total mass of the reactor and associated equipment assembly to a lesser
degree than its thickness. For the heavy-metal reflectors, however, the
mass of the radial reflector itself can become very substantial. The varia-
tion of the fuel inventory with respect to reflector weight is presented in
Table VIII and in Figs. 6 and 7. A merit ranking based on reflector mass is
very different than an equivalent ranking based on reflector thickness. For
example, a ranking which would roughly correspond to an achievable control
span of ~4.5% Ak requires reflectors in order of increasing mass as follows:

C, Al,03, Zr, Mo, Ni, Fe, Al, and Depleted U.

The variation in the radial reflector masses represented by the above ar-
rangement are quite extreme. The carbon reflector required for a control
span of ~4.5% Ak weighs ~600 kg, the depleted-uranium reflector ~10,000 kg.

It should be noted here again that these weight estimates and the
curves of Figs. 6 and 7 are to be used more for the relative comparison of
reflector materials than in the absolute sense. The computational model]
employed in the generation of the curves is after all a very straightforwarq
one. A symmetric radial reflector of a constant and identical density is
used for all the eight reflector materials. It is probable that in the design



of an actual reflector a weight saving of 20% or even higher can be realized
without reducing the achievable control span. Thus, for example, the den-
sity of the reflector material located between the control drums and also
the density of the reflector material located between the core and control
drums could be reduced. Further possibilities in weight reduction exist if
composite rather than one material reflectors are employed.
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Fig. 6. Critical Mass vs Radial Reflector Mass (for Al, AlgO3, Zr, and Depleted U) for a Constant-volume Core
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IV. OPTIMIZATION OF CONTROL MECHANISMS

her design consider-
1 control
The

Two control-vane parameters independent of ot
ations exhibit fairly well-defined optima with respect to the Fo'ta
span: 1) control-vane thickness and 2) control-vane composition. ;
optimum values of these parameters are influenced by imposed ('1es1gn
conditions, such as the reflector thickness, the nature of the region be-
tween the core and the reflector, control-drum diameter, the distance of
the control drum from the core-reflector interface, and especially the
reflector composition. Only the important reflector comp?sition is taken
as a systematic variable in this comparison, although the influence of
some of the other design conditions are estimated.

The nuclear properties of the reflector materials separated from
the perturbing effect of the control poison are analyzed in Section 1, i
the optimization of the control mechanism presented in this section a re-
flector thickness was chosen which approaches an infinite effective thick-
ness for most of the reflector materials. Thus, the reflector thicknesses
in all of the studies is 24 cm, the control-drum diameter is 20 cm, and
the outer edge of the drum is 4 cm from the core-reflector interface.

A. Control-vane Geometry

Figure 8 shows a schematic representation of a control drum and
control vane. Most of the indicated dimensions do not have an optimum
with respect to reactor controllability. For them the controllability cri-

terion can only indicate a preferred de-
sign direction. The design values of
these dimensions have to be imposed by
some other criteria. For this study what
are believed to be practical values have
been chosen. These include:

TT/

0 TT--The distance between the con-
trol drum and the core edge. Both the
thickness of this region and its composi-
tion very strongly affect the potential
control span. Every design effort should

h be made to minimize this distance both in
terms of thickness and total absorptivity.
pe : : :
b :gsl;:ofpcm:nma'&:%gno:. VANE .For this study TT is 4 cm, and the region
R = CONTROL DRUM RADIUS 1s composed of reflector material. The
TT = DISTANCE OF DRUM FROM CORE- REFLECTOR 343t 1
INTERFACE sensitivity of the control span with re-

TR = THICKNESS OF REFLECTOR
112-5534

spect to TT can be inferred from the fol-

lowing calculated values: Reduction of

Fig. 8. Schematic Representation of TT to 2 cm resulted in an increase in the
Control-vane Geometry control span by 22% for the Al,O5 and by



30% for the nickel reflector. The 4-cm value was chosen in these studies
because it corresponds to a reasonably minimum design value.

TR--Reflector thickness. For optimum control, TR should be
maximized. However, the effect of increasing TR past 25 cm is small
for most reflector compositions. For the present study, TR is assumed
to be 24 cm.

R--Control-drum radius. This parameter should be maximized

and should assume the maximum value allowed for it by the TR and TT di-

mensions. For this study R is chosen to be 10 cm.

6 --The angle spanned by the control vane. This parameter is
fairly independent of other design specifications. It has been difficult in
the present study to evaluate its precise influence on the control span,
since primarily one-dimensional calculational methods have been em-
ployed. In the present study, § is assumed to be 120°. In most cases
this assumption does not affect the conclusions directly since the con-
clusions are based on one-dimensional calculations. For these calcula-
tions 6 determines only the total volume of the control vane and the
material balance of the concentric curtain mocking up the control vane.

B. Control -vane Thickness

The control-vane thickness T (see Fig. 8) differs from the above
dimensions in that, in general, it will have a well-defined optimum with
respect to the total control span. The optimum thickness varies with
the reflector material and is also a function of the control-vane composi-
tion. The control span is defined as the reactivity change produced by
transferring the control-vane poison from the IN to the OUT position of
the drum. The poison is thus not removed, but merely transferred to a
region of lower importance. The reactivity held by the poison while the
control vane is in the OUT position directly reduces the total available
control span. Further, as T is increased while the control-drum diam-
eter is kept constant, the average distance over which the poison is
transported between the IN and OUT positions is reduced. The effect
of these geometric properties on the control span are amplified by the
self-shielding of the poison.

An analytical determination of an optimum thickness of the con-
trol vane is given in Appendix E. In order to make the derivation tract-
able, no self-shielding of the poison is assumed. The purpose of the
derivation is to illustrate directly the role of poison-transfer distances
in the creation of an optimum vane thickness. This analytical optimum
vane thickness for a nonself-shielded vane is 1/3 RE
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The loss of reactivity produced by control poison while the drums
are at the OUT position is shown in Fig. 9 for three of the reflector mate-
rials studied. The curve for the Al,O; reflector demonstrates bot'h ‘the
self-shielding effect of the boron poison and the increase ‘in reactivity .
loss which is produced when the vane poison of the drum in th.e OUT posi-
tion is moved closer to the core by increased control-vane. thickness. The
first part of the curve departs from linearity as the eﬂ.’ect1veness of the
added boron is reduced by self-shielding. This effect.ls reversed for .the
larger control-vane thicknesses for which the reactivity effect of moving
the control poison closer to the core becomes dominant. The same trends,
though in a less pronounced degree, can be observed for the other two
reflector materials.

T I T ] | ‘[ T ' T I T I T I T T T
= REACTIVITY LOSS FOR VANE SHIFTED -
4 CmM CLOSER IN: N
20— 0-AL,0, REFLECTOR
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8'° POISON

ALZOS REFLECTOR
NAT. B POISON
AL REFLECTOR
EIO’ H POISON

Ni REFLECTOR, NAT. B POISON
fie | (R (S P |
o 2.0 4.0 6.0 8.0
CONTROL VANE THICKNESS, cm

112-5535

Fig. 9. Reactivity Loss Produced by Control
Vane at the OUT Position

The curves for the aluminum reflector also show one of the mech-
anisms which determine the composition dependence for optimum control.
It is shown that the substitution of hydrogen for boron reduces the reactiv-
ity loss by the control drum in the OUT position for all thicknesses of the
control vane. This reactivity shift will not occur in the same degree for
the control vanes at the IN position. The lower-energy neutrons which
are preferentially absorbed by the boron and hydrogen mixture have a
relatively high importance close to the core but a very low importance
further away from it.

In addition, two special data
mond and afilled-in circle)
of the control drum. Such a
to the core while the drums
larger reactivity loss.
(reduction of control-dr

points on Fig. 9 (indicated by a dia-
show the effect of a decrease in the diameter
decrease will move the control poison closer
are at the OUT position and will result in a
For both cores cited, an inward shift of 4 cm

um diameter from 20 to 16 cm) results in almost



doubling the reactivity loss while the drums are at the OUT position. For
the Al,0; reflector the reactivity loss is increased from 0.95 to 1.65% Ak;
for the nickel reflector from 0.24 to 0.5% Ak. These increases reflect
directly upon the total control span which for a typical Al,03-reflected
case is reduced from ~5 to 4.3% Ak and for nickel from ~5 to 4.7% Ak.
The qualitative effect of decreasing control-drum diameter in different
reflectors can be estimated from Figs. 4 and 5. The loss in the achieve-
able control span would be maximum for the low-absorption reflectors
Al,0;, Al, Zr, and C, and considerably less for the heavy-metal reflectors
Mo, Ni, and U.

A detailed picture of the dependence of control on control-vane
thickness for four neutronically different reflectors is shown in Figs. 10
to 13. Though beryllium is not a direct part of this evaluation, it is in-
cluded in this comparison because it demonstrates well the role of the de-
graded neutron spectrum of a reflector. Spectrum softening significantly
increases the self-shielding of boron and makes thick control vanes point-
less. Omnce a control vane is essentially black, increase of thickness only
results in moving the control poison of the drum in the OUT position closer
to the core and produces a smaller control span.

ST e s (R o [y = R

= - 40% (8v voL) OF B IN vANE -

< & =
*® 20 ig'/-;. :\AN‘; B movane @ :zo_ lozeilP Rt _‘
e— 40% NATURAL B IN VANE | . 30% TiHy|
0 — = -
I — 10— —
e L [ I e e K
o 20 40 60 80 Illllllllllllij
. o 20 40 60 8.0
CONTROL VANE THICKNESS, cm CONTROL VANE THICKNESS, cm
112-5536 112-5537
Fig. 10. Control Span vs Control-vane Fig. 11. Control Span vs Control-vane
Thickness for AI.ZO3 -reflected Thickness for Aluminum-
Reactor reflected Reactor
B e T
50

—

/ 20% TiHz
o

20% NAT. 8| IN
VANE

i ] — T T
P e _| z r 00— 1
- g o kel T
: o éq -
= =i ®
L o (B et RNaTts & ) S renervou o aruraLe ]
"’—/ ] e e I e A
I | | l L 1 l o 0 20 30 40 50 60
i TR e S Na CONTROL VANE THIKNESS, cm
CONTROL VANE THICKNESS, cm 112_5538
112-6163 Fig. 13. Control Span vs
Fig. 12. Control Span vs Control-vane Control-vane Thick-

Thickness for Nickel-reflected ness for Beryllium-
Reactor reflected Reactor

2io)




40

The figures show that the optimum vane thicknesses _of reflector
materials Al, Ni, Al,O; and Be decrease roughly in proportion t'o the
degree of reflector-spectrum softness. For the‘control—.drum diameter
used in the present calculations (20 c¢m), the optimum thlcknes§es are
quite large for the nickel and aluminum reflectors, and the optlmé peaks
are fairly broad. For designs employing smaller control—drun.u diame-
ters, the optimum vane thickness would bg smaller and the optimum
peaks more sharply defined.

The curves also show the effect on optimum thickness produced
by the composition of the control vane. The substitution of a hydrogenous
moderator for part of the boron poison produces a larger total control
span over part of the range of control-vane thicknesses. Besides in-
creasing the maximum achievable control span, the hydrogenous mod-
erator also shifts the optimum to thicker vanes.

C. Control-vane Composition

The goal in optimizing control-vane composition can be stated
as follows: obtain the maximum possible reactivity loss with a fixed-
volume control vane. The emphasis on volume is important. There are
some design limitations which restrict the volume in an absolute sense.
These include control-drum diameter and provisions for cooling the con-
trol vane. There are several other design considerations which make it
preferable to have the minimum vane volume. Some of these include weight
and the moment of inertia of the reactivity penalty due to increased vane
thickness, and limits on rotational speeds of the control drum.

At the start of the study a number of absorbers were evaluated.
It became apparent that the choice of the absorber is not very crucial,
since invariably absorber concentrations which are fairly black to ther-
mal and resonance neutrons are used. Though it is true that some of the
rare earth resonance absorbers have resonance peaks which exceed by
far the resonance levels of rhenium (the material chosen as a repre-
sentative resonance absorber in this evaluation), these resonance peaks,

because of extreme self-shielding, did not contribute significantly to the
total absorption of the vane.

The most important requirement of the absorber is a high spe-
cific (with respect to volume) capture rate of fast neutrons, and sufficient
resonance and thermal capture to render the vane black to those neutrons.
Because of its high atomic density, natural boron can compete in this re-
spect with all of the possible absorbers. The B!° isotope is a signifi-
cantly better absorber per unit volume. For this reason, the rgzent
study was made with natural boron and thé B'° isotope in all cgm arative
evaluations. Several calculational checks of the effect of usin arI: (n,7y)
resonance absorber like rhenium were also carried out. Tablge IX st;;/ws



that, in most of the analyzed reflector spectra, rhenium is comparable in
terms of volumetric absorptivity to natural boron but falls far short of it
in terms of weight. The B0 isotope exceeds rhenium considerably on
both counts. Therefore, boron is the neutronically preferred absorber,
although as study of heat generation in the control vane shows (see Sec-
tion V), some other considerations, such as heat transfer or structure,
could require the use of an (n,y) absorber.

TABLE IX. Comparison of Poison Materials in Spectra of Various Reflectors

Reflector Material

Poiso_n

el B:g:_fm’n Aluminum Alp03 Niobium Iron Molybdenum Carbon Zirconium
Spectrum-averaged B 0.280 0.288 1.59 0.746 0.287 0.29 9.91 0.352
Capture Cross gl0 1.40 144 7.9 373 1.43 145 295 1.76
Section (b) Re 0.61 0.635 331 1.85 0.623 0.634 8.9 0.784
zgi‘r‘gs“c’:‘;iac"gﬁﬁ’r . B 0.0382 0.0393 0.217 0.102 0.0391 0.0395 135 0.0480
Criss Santion of 10 0.197 0.202 112 0.525 0.201 0.203 6.95 0.247
PiireNerterial fcon=1) Re 0.0395 0.0411 0.214 0120 0.0403 0.0410 0.582 0.0507
Relative Absorptivity B 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
per kg of Material lo 54 5.4 54 54 54 54 54 54
(normalized to boron) Re 0.129 0.130 0123 0.146 0128 0.129 0.0536 0131

The reflector spectrum is computed at the IN position of the control vane, ~4 cm from core-reflector interface.

The variable implied under control-vane composition is therefore
not the mixing of absorptive materials, but the mixing of absorber and a
hydrogenous moderator. The enhancement of boron effectiveness by the
simple addition of moderator is well known; note, however, that although
this procedure might have some other justifications, it does not neces-
sarily contribute to the optimization of a fixed-volume control vane. For
optimization purposes, the volume available to the control material must
be kept constant; therefore, the addition of a moderator can take place
only at the expense of displaced poison. For a number of reflectors, this
procedure can actually result in significantly increased control spans.

The hydrogenous moderator considered in these studies is TiH;,
chosen because of availability and quite high hydrogen density. Other
hydrogenous materials could serve as well, and the present results
would apply to them in direct ratio of their hydrogen density.

Figures 14 to 16 show the enhanced total control span that can be
achieved in an Al, Al,0;, or Ni reflector by interchanging some boron
with TiH,. Some of the enhancements are quite respectable, and the
optimum effectiveness mixtures occur at surprisingly low boron concen-
trations. The figures do not show the enhancing effect of the hydrog-
enous moderator to full advantage since the hydrogen-containing control
vane in general has a different optimum vane thickness than the control
vane of pure boron. The vane thicknesses used in the calculation of
Figs. 14 to 16 are close to the optima for a pure boron vane. This
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increase in control span is not produced solely by increased absorption
per boron atom (though this, of course, does take place). As shown by
Tables I, VI, and VII, removal of boron and its replacement by a hydrog-
enous moderator results in an actually lowered total number of neutrons
absorbed. It is of interest thus to consider the mechanisms which pro-

duce this change.
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Fig. 14, Contol Span vs Control-vane
Composition for AlgOg=
reflected Reactors

Fig. 15. Control Span vs
Control-vane Compo-
sition for Aluminum-
reflected Reactors

Fig. 16 Control Span vs Control-
vane Composition for
Nickel-reflected
Reactors

One of the mechanisms, already mentioned, is shown graphically
in Fig. 9. The substitution of hydrogen for boron reduces the reactivity
lost to the control-vane poison when the drums are in the OUT position.
This is so because the lower-energy neutrons which are preferentially
absorbed in the hydrogen-containing vane have a very low importance in

the outer regions of the reflector.

Another important effect is shown in Figs. 17 to 19, where the
energy dependence of the relative real and adjoint fluxes are given 4 cm
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g & mrrrT LU LLLLLR L L L L inside the reflector; this is at the
Bt I 7] position of the control vane when the
;2 ADJOINT  FLUX =
2 = = control drums are fully IN. The most
gga = = important feature demonstrated is
g?,_ e _ that around the energy region of maxi-
e — mum real flux density (0.4 to 0.04 MeV)
2 108 104 e 0o the adjoint flux invariably decreases
ENEHE with decreasing energy. This means
112-6160 that the moderation of neutrons from
Fig. 19. Relative Real and Adjoint Fluxes this energy region results in a direct
4.2 cm from the Core-Reflector In- reactivity loss. The steepness of the
terface for C Reflector gradient indicates for which reflectors

this reactivity loss would be maximum.
One might expect that for some reflectors, even in the absence of boron,
the addition of hydrogen would produce a negative reactivity effect which
may override such positive effects as increased neutron reflection back
into the core. This reactivity loss should be especially strong for the
nickel and aluminum reflectors and much weaker for carbon and iron
reflectors.

The reactivity effect of hydrogen in the reflector is of interest
quite apart from its influence on the control effectiveness of a mixed
hydrogen and boron control vane. Hydrogen is used as the coolant of
rocket reactors; therefore its reactivity worth is very important to the
dynamics of these reactors. Consequently, the hydrogen worth has been
measured in several ZPR-9 assemblies that had an aluminum reflector.
The experiments showed the reactivity effect of adding hydrogen is de-
pendent on the position in the reflector, being negative in the region
adjoining the core. Theoretically it was of interest to determine to what
degree the effect is influenced by the properties of the core and to what
degree by the (fairly uncertain) cross sections of the aluminum reflector.
Especially for the aluminum reflector the scattering resonances make
uncertain the reliability of the resonance-region group-averaged cross
section? (see Appendix A). Accordingly, the available cross sections for
aluminum (see Appendix A) were modified and the calculations repeated.
The results (analogous to those of Figs. 17-19) are given in Fig. 20. A
change in aluminum cross sections by 10%
in either direction only shifts the absolute s
values of the calculated real and adjoint s
fluxes; it does not affect the flux gradients
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It can therefore be concluded that, in general, for reflectors having
neutron spectra which are harder than those found in a carbon reflector,
the substitution of hydrogen for some of the natural boron poison can in-
crease the total control effectiveness. This enhancement is not so pro-
nounced if enriched boron is displaced. In that case the motive for using
a hydrogenous moderator would be the minimization of the expensive B!?
inventory. Figure 16 shows that for a nickel reflector the B!? content

could be reduced by a factor of 3 with insignificant loss in total control
span.
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V. CONTROL-VANE HEATING

A. Heating Reactions

An inevitable byproduct of a fission reaction are several types of
secondary, heat-generating nuclear reactions. These secondary reactions
form the sole heat source outside of the core proper and thus can assume

primary importance. The reactions can be divided into three general
classes:

1. exothermic neutron-induced reactions [i.e., (n,a) or (n,7y)
reactions J;

2. elastic and inelastic scattering of fast neutrons;

3. gamma heating (attenuation of gamma radiation is produced by
the core and by secondary neutron capture or inelastic
scattering).

The intensity of the reactions is directly proportional to the specific
power of the core. For the high-performance reactors considered in this
analysis, the heat source generated by the secondary reactions reached
such levels as definitely to become a design problem. This is particularly
true in control-vane design for which the exothermic neutron reactions,
especially the (n,a) reaction in boron, can produce uniquely high rates of
heat generation.

Figure 22 presents calculated heating rates for all three classes of
reactions for a 2-cm-thick control vane located in a beryllium reflector.
The heating values presented are core-midplane (that is, maximum) values.
The average power at core midplane is assumed to be 6.5 MW/liter. A%
beryllium reflector was chosen for this comparison since it amplifies the
adverse characteristics of the secondary heating problem.

Of the three reactions, the predominant (n,a) reaction and the fast-
neutron heating reaction will be treated in more detail. Gamma heating
depends very strongly on the nature and the amount of structural material
in the vane (i.e., iron, tungsten, or other metals). Structural considerations
are not within the scope of this study; therefore, gamma heating cannot be
treated properly here. In the cases illustrated by Fig. 22, the structure is
assumed to contain 16 v/o tungsten.

B. Influence of Heat Generation Rate on Vane Design

It is very possible that the high total rate of heat generation produced
by the (n,a) reaction in boron and the truly extreme spatial dependence will
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be a major factor in determining a realistic vane design. The.problem of
cooling a control vane could at first appear of only 'secondary 1rnp'ortanCe,
Its solution could then be postponed to the final design stages. It is appro-
priate therefore to emphasize it at this point.
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Fig. 22. Power Distribution for 2-cm-thick Vane
in Beryllium Reflector

A simple numerical comparison will illustrate the potentially high
rates of heat production which are inherent in the (n,a) reaction. The
energy generated by a fission reaction is ~192 MeV, by an (n,a) reaction
in boron, ~2.7 MeV, so that the ratio of reaction energies is ~70. This
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ratio is counterweighted by the following parameters: The capture cross
section of boron is considerably higher than the fission cross section of
U%%, being greater, depending strongly on the incident spectrum, by a fac-
tor of 2 to 10. The atomic density of boron inside a control vane will
greatly exceed the atomic density of U?* in the core (typically by a factor
of 10 to 20). Therefore, given fluxes of comparable magnitude, the rate of
the (n,a) reaction can exceed the fission rate in the core by factors of 20 to
200. This higher reaction rate can result in comparable or even higher
volumetric heat-production rates in the vane than achieved in the core.
This very high power density presents a sufficiently challenging problem
of design in itself. The real difficulty, however, is not so much the abso-
lute magnitude of the power density as its spatial distribution. In some
reflectors (such as Be, C, and partially in Al,0;) a good fraction of the
(n,a) reactions are produced by thermal and near-thermal neutrons. Neu-
trons below 1 eV have a transport mean free path of ~0.1 cm in a typical
control vane; thus fluxes of neutrons of this energy decay very rapidly in-
side the vane. This rapid decay can produce extraordinarily steep power
gradients. Figures 22 to 24 present examples of possible power gradients.
The examples shown in Figs. 22 and 23 amplify the problem because of the
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presence of the beryllium reflector, but otherwise do not present the worst
possible case either in terms of the control-vane boron density or in terms
of core power. It should be noted that the abscissa for all the graphs is
expanded and that the ordinate is logarithmic. In actuality, therefore, the
power gradient is much steeper than is qualitatively indicated in the fig-
ures. Further, especially in the case of the control vane located in a
beryllium reflector, the peak itself is produced almost entirely by thermal
neutrons and is thus almost a surface phenomenon. This means that the
power peak is proportional to the local surface-to-volume ratio, which in-
creases by almost a factor of 2 in the corners of the vane.

Heat-transfer and thermal-stress problems are not within the
scope of this report, and it cannot be stated here whether vanes for which
the calculations of Figs. 22 to 24 were made are indeed practical. It is,
however, obvious even for a nonspecialist in these disciplines that the
problems are formidable. For this reason the neutronic heat source and
the associated calculations are presented in some detail in this section.
First, consider some possible design alternatives which might be tried if
the power produced in the vanes does indeed become a limiting parameter.
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The first and most effective design change would be to employ a
less moderating reflector. The differences in the power gradients and
absolute power rates between a vane in a beryllium reflector (see Figs. 22
and 23) and a vane in an Al,0; reflector (see Fig. 24) are quite sizable.
Control vanes in the less moderating reflectors would exhibit even flatter
power distributions than shown in Fig. 24. The absolute power rate in the
hard-spectrum reflectors might be comparable, especially if control re-
quirements force the use of boron enriched in the B!? isotope. Reducing

the density of the reflector also has a power-flattening effect in the control
vane.

Other fairly obvious design alternatives are based on an increased
control-vane porosity and a reduced atomic density of boron. It is probable
that in most design situations not much latitude will be available in these
parameters since control-vane thickness and boron concentration will be
fixed by the requirements for controllability. An additional design possi-
bility is the grading of the boron loading in the control vane, which could
be particularly practical if boron enriched in the B!° isotope were employed.
The atomic density of boron could then be maintained constant throughout
the vane, and the required grading in the macroscopic capture cross section
could be achieved by varying the B! enrichment. Grading of the boron
density will produce only a small change in the reactivity-controlling capa-
bility of the control vane if the total capture density is maintained constant.

An effective method of producing a more uniform power distribution
is the inclusion of a hydrogeneous moderator inside the vane. Since the
addition of a moderator is accompanied by a reduction of the atomic density
of boron, the edge power peak is reduced almost in direct proportion to the
volume of hydrogeneous moderator added. The total rate of heat generation
of the vane will not change substantially since the moderator will raise the
reaction rate in the self-shielded and low-specific-power sections of the
control vane.

A radical solution could be to use an (n,7y) absorber rather than
boron. Even if the reaction-rate density and the energy produced per reac-
tion would be similar for the (n,7y) absorber, the local heat production
would be much lower. This is so since the generated y energy is dissi-
pated over a large volume and only partially deposited in the vane. Of the
(n,y) absorbers analyzed, rhenium was found to be one of the most effec-
tive. Volumetrically, rhenium has similar absorptive properties in a wide
range of neutron spectra as does boron. A more detailed comparison of
rhenium and boron absorbers is given in Table IX.

C. Calculations of (n,a) Heating

Tables X and XI present the spatial and energy distributions of the
(n,OL) reaction rate for near optimum (in terms of thickness) control vanes
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located in a beryllium and an Al,O3

reaction rates per boron

malized to various core powers.
culated by the DSN transport code in

TABLE X. Distribution of (n,a) Reaction Rate in 1-cm C

atom are given so that

(Control vane at IN position)

ontrol Vane in Beryllium Reflector

reflector, respectively. The relative
the results can be nor-
The fluxes shown in the tables were cal-
the S, approximation.

Lower Oﬁg;:m B Dt?’;:m B 0:7‘;:"‘ B L'E)I *
Energy from $00 |16 g from $a0¢ from $7¢ |16 K
Limit Vane T (#78), | Vane vane T (#8),
of Group Edge* i1 Edge® Edge i1
IMev | 004 [539x10°4 | 216x10° oo |519x10% | 208x10° 004 499x10°% | 200x10° 002 as0x104 | 192105 0.007
Lamev | 006 | 1.84x10-3 | 110x10% 0 179x1073 | 1L07x10°4 019 174x103 | 1.04x104 012 169x1072 | 101x10° 004
oomev | 004 |196x107 | 7.84x10° o 1.90x10°3 | 7.60x10°% 01 1.83x10°3 | 7.32x10°% 081 177x10°3 | 7.08x10°% 0z
oamev | 008 |613x1073 | 490x10¢ 1.06 5.93x10°3 | 474104 087 572x103 | 4.58x104 051 552x10°3 | 4.42x10°4 017
o1mev | 027 |109x10°2 | 204103 639 1.06x10°2 | 2.86x10°3 523 103x10°2 | 278x1073 308 100x102 | 270x10°3 102
17 keV 061 | 7.97x1073 | a86x1073 106 7.88x103 | 4.81x1073 879 780x1073 | 476x1073 521 773x1073 | 47211073 179
3keV 150 | 412x10°3 | 6.18x103 134 416x10°3 | 6.24x1073 1141 421x103 | 6.32x10 699 428x103 | 642x103 243
055kev | 340 |1.90x103 | 6.46x103 140 1.96x10°3 | 6.66x10 1217 204x10-3 | 694x1073 768 215x107 | 731103 2m
0lkev | 80 |854x10 | 6:83x107 148 913x104 | 7 30x103 133 995x104 | 7.96x103 881 111x103 | 888x1073 37
eV 16.40 | 1.95x10°4 | 320x10-3 6.9 227x1074 | 3.72x10°3 680 302x104| 495x10°3 548 416x1074 | 682x107 258
10eV 200 | 168x10¢ | 487x10 106 1.96x10-4 | 5.68x103 1038 239x10°4 | 6.93x1072 767 310x104 | 899x1073 34
3eV 520 | 9.01x105 | 469x107 102 1.05x1074 | 5.46x1073 9.98 143x10°4 | 7.04x1073 82 235x1074 | 1.22x10°2 462
lev %0 |300x105 | 276x103 60 359x10°5 | 3.30x103 60 6.26x10% | 5.76x10°3 638 149x104 | 137x102 519
04ev [1500 |633x106 | 9.56x10 208 9.45x10°6 | 1.43x1073 26 210x10°% | 317x10°2 351 8.98x10°% | 1.3%x10°2 515
01ev |30 |8asx107 [231x104 0.50 287106 | 7.84x10°4 143 1.40x10°5 | 3.82x10°3 3 712x10°5 | 1.94x10°2 3%
Thermal | 6730 | 1.94x10 | 131x10 28 863x10°6 | 5.81x10 1062 428x10°5 | 288x102 3119 235x1074 | 158x107! 59.88
4%x107 10000 547x103 10000 03x102 10000 2634x10% 10000
*Radial positions of calculated fluxes (cm from core centerline): ¢y - 8165, ¢y - 43415 b3 » 43665 g - IS
TABLE XI. Distribution of (n,a) Reaction Rate in 2-cm Control Vane in Alp03 Reflector
(Control vane at IN position)
at
Elnw:gry by o%;m . l£¢l’g)i " o?igm e l£¢f§)i Y 1?3:;\ k 1%:‘.» - (#ed);
Unit | ¢ | vane FCNT (BioB), | vare TS (baod), s ol §(¢.v2)
of Group Edge* i1 Edge* " Edge* Edge* il
3Mev | 004 [999x10¢ | 400x10% 0z 9.20x104 | 3.68x10° 019 850x1074 [ 3.40x10°5 015 7.88x104 | 315x10°° 010
LaMev | 006 [319x10-3 | 191x104 103 302x1073 | 181x104 093 286x103 | 172x104 075 272x103 | 163x10° 053
09Mev | 004 |288x103 | 1L15x10% 062 270x10-3 | 1.08x104 056 253x103 | 1.01x104 045 237x103 | 095x10° 031
oamev | 008 [864x103 | 691x10% 374 |817x10 | 654x104 3% [773x103 | 618x104 2713 [731x103 | ss5x104 12
o1mev | o027 |137x102 | 370x1073 203 |132x102 | 356x107 18.29 126x102 | 3.40x1073 149 12x10°2 | 327x103 1073
17 keV 061 |882x103 | 5381073 2913 874x10-3 | 533x103 2% 871x103 [ 531x103 24 876x1073 | 534x10°3 1752
3keV 150 | 283x103 | 4.25x103 20 295x103 | 443x1073 an 3nx103 | a67x103 2059 332x103 | 49%8x103 16.34
0sskev | 340 |7.14x104 | 2.43x1073 1316 8.04x1074 | 273x10°3 14.03 9.37x104 | 319x1073 1407 113x103 | 384x1073 1260
01kev | 80 |152x104 | 1221073 661 1.93x1074 | 154x10°3 7.91 278x104 | 2.22x10°3 979 a2x108 | 33702073 1.06
eV 1640 [ 145x105 | 2.38x100 129 235x10°5 | 385x10°4 198 460x10°5 | 7.54x104 R 130x104 | 213x103 (X
10eV 290 [553x106 | 1.60x104 0.87 1.09x105 | 316x104 162 213x10% | 6.18x1074 2 715x10°% | 207x10°3 679
3eV 520 |812x107 | a2x107 023 255x106 | 1.33x1074 068 881x106 [ 458x104 202 312x10°% | 162x1072 531
1ev 20 |407x108 | 374x10% 002 228x107 | 210x10% o1 1.00x10°6 | 9.20x107¢ 406 132x10°5 | 121x107 9
04ev [ 1510 |377x108 | 5.69x10°0 003 160x10°7 | 2.42x10°% 012 754x10°7 | 114x104 050 3.96x106 sbuxlo" l‘%
0lev [2730 |4mx109 | 135x10% 001 321x108 | 8.93x10°0 005 244x107 | 6.66x10 029 z.omo'é 5573104 l.ll
Thermal | 6730 |207x10710 | 1.39x10-7 - 305x109 | 205x10°6 001 498x108 | 335x105 015 923x107 | 62x10¢ 2:0l
18.468x1073 1000 19.460x10°3 1000 2.679x1073 1000 24811073 1000
*Radial positions of calculated fluxes (cm from core centerline): ¢] - 43.29cm; ¢2 = 379cm; py - 4429 by - T,




The "vane edge" referred to in the tables is the outside boundary
of the control vane, which, when the control drums are at the IN position,
will be nearest to the core. Contrary to first expectations, this will in
general be the position of lowest density of heat production since the major
portion of the (n, @) reactions are produced by low-energy neutrons which
are produced in the reflector. Thus the power spike will appear at the
inner edge of the control vane, which receives the incident reflector flux
when the vane is both at the IN and OUT positions. This is illustrated in
the energy and spatial distributions of the (n,a) reaction rate presented in
Table X. Table X shows that the reaction rate due to thermal neutrons 1s
~100 times higher at 0.125 cm from the reflector than at 0.875 cm from it.

In order to transform the relative reaction rates presented in
Tables X and XI to absolute values, it is necessary to assume an average
core power. For the calculations which produced Figs. 23 and 24 the
average power at core midplane was assumed to be 8.0 MW. (The average

over the whole core is 5.7 MW.) The absolute fluxes are then obtained as
follows:

Absolute flux of 0.008 MW Power fraction e
neutrons of energy| = |———————||produced by S
it

3
group i ran 1) cm

group i neutrons

fissions
3.04 x 107 MW-sec

All that remains after obtaining absolute fluxes and reaction rates is to
multiply them by the reaction energy:

Absolute power Energy of
produced by neutrons | = (¢abs)(i)zcap(i) 2.7 MeV + group i
of group i neutrons

1.60 x 1071 MW-sec
MeV :

Usually the energy of the incident neutron will contribute but a small
fraction of the total energy produced. Thus, as shown in Table XI even for
the hardest flux position of a control vane located in an Al,O; reflector,
only ~5% of the reacting neutrons have energies above 0.4 MeV.

D. Fast-neutron Heating

The extremely intense neutron fluxes present in the high-performance

reactors analyzed in this study bring the heating induced by elastically and
inelastically scattered neutrons to appreciable levels. In regions of low

51
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absorption containing low-atomic-weight materials, this heating can reach
values similar to that of gamma heating.

The problem was analyzed when the inclusion of a hydrogenous
moderator inside the control vane was considered. It was found that in the
presence of any (n,a) absorber, fast-neutron heating contributes a small
fraction of the total heat generated. Typically, even for the highest modera-
tor fraction containing control vanes, this total did not exceed 8% of the
(n,a) reaction rate. Such a level of power generation, while not important
in the control vane, can become a substantial heat source when competing
exothermic reactions are absent. This is illustrated in Fig. 25, which
shows the fast-neutron heating in a beryllium reflector.
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Fig. 25. Fast-neutron Heating in Beryllium Reflector

. The heating effect of elastically scattered neutrons is easy to
estimate. The energy loss per neutron is simply proportional to its initial
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energy. The energy transferred to the scattering material can be obtained
from the following relationships:

S S T

S B g na
where

g cARE &

L

and A is the atomic weight of scatterer. For beryllium, a is 0.64 and the
average energy loss per scattering reaction is ~19% of the incident neutron
energy. The calculation of the absolute reaction rates is identical to the
process outlined for the (n,a) reactions. The average power in the core

midplane to which the heating values of Fig. 25 are normalized is also
8.0 MW/liter.

The heating produced by inelastically scattered neutrons is more
involved. The calculation of a single reaction rate for each neutron-
energy group is insufficient since inelastically scattered neutrons can
lose energies according to the various excitation levels that are available.
Table XII shows the details of a calculation of the average energy loss per
reaction for tungsten. The complete cross-section set for tungsten is
given in Appendix A. The thus-computed average energy loss was used in
calculating the fast-neutron heating shown in Fig. 25.

TABLE XII. Energy Transfer per Neutron Scattering and Absorption Event in Tungsten

1 Total Energy Energy Energy Energy E:::g'y
it Removal Fraction of | Transfer | Fraction | Transfer | Fraction | Transfer | Fraction | Transfer Transter
Energy | Energy Cross Neutrons per Scattered | perj+1 | Scattered | perj+2 | Scattered | perj+3 L
Group. | Limit, Section, Absorbed | Absorption, | toj+1 | Scattering, | toj+2 | Scattering, | toj+ 3 | Scattering, Reapdion
MeV o e b MeV MeV MeV MeV :
k=l Mev
1 3.0 2.446 0.0072 5 0.287 28 0.288 3.85 0.418 435 an
2 14 2.840 0.014 22 0.213 1.05 " 0461 155 0311 1.95 1.57
3 0.9 2.109 0.021 115 0.478 0.50 0.432 0.9 0.068 110 0.73
4 0.4 0.84 0.076 0.65 0.77 0.40 0.154 0.6 0.45
5 0.1 0.162 0.71 0.25 0.29 0.2 0.235
6 0.017 0.289 0.81 0.051 0.041
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VI. CONCLUSIONS

This study is not of the type that can be summarized in a few all-
inclusive conclusions. The most appropriate general conclusion would in
effect just paraphrase the abstract: a comparative study evaluating a range
of control and reflector materials suited for fast nuclear rocket reactors
has been made. The results of the study are presented in a form facilitating
various comparisons. Which of the reflector materials or control mech-
anism designs are best or even workable, depends on the specific design

objectives.

Backing off from such comprehensive and thus not very useful gen-
eralizations to a more modest plateau, a number of interesting observations
concerning the results of the study can be made. Each is elaborated in the
report itself and is stated here for additional emphasis.

About the design of the control mechanism:

For each specific reactor design situation, a quite well-defined op-
timum design of the control vane exists. Both the control-vane thickness
and composition have optima with respect to the control span that they
produce. These optimum values will usually be quite different in reflector
materials.

About the choice of reflector materials:

If the control-vane design does not have any a priori restrictions.
then the choice of a reflector material can to a large-degree be based on
weight or structural considerations, since the maximum achievable control
span (based of course on an optimum vane design in each case) is fairly
similar for most reflector materials. This maximum control span value
is more dependent on the radii of the core and control drum, on the thick-
ness of the reflector, and especially on the distance between the control

drum and the core-reflector interface than upon the choice of reflector
material.

The above generalization does not apply to the "very moderating"
materials: Be, Li, H, and their compounds. When used as reflectors for
fast-spectrum cores, these materials present unique design difficulties.
In effect, the cores themselves will usually have to be modified; thus it is
difficult to make a fair comparison between the "very moderating" and the
remaining class of reflector materials. It is believed that the following
statement will usually apply: Fast-spectrum cores and thick moderating
reflectors are basically incompatible. The design steps required to inte-
grate these very different regions into 6peratmg a reactor system may
cancel the neutronic advantages that a moderating reflector offers. Thin
moderating reflectors (such as <8 cm for berylluim) could be advantageous
in case of small-volume cores for which controllability does not pose a
problem. These types of reactors have not been considered in this study.
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About the choice of control materials:

Surprisingly enough, the choice of a poison material has fairly little
influence upon the maximum achievable control span, since the "optimum
control vanes" which should be the basis of comparison are invariably quite
black to thermal and resonance-energy neutrons. This means that the
resonance-capture cross sections in which the various absorbers can differ
by orders of magnitude are self-shielded to such a degree that the dif-
ferences become ineffectual. The fast-neutron capture cross sections, on
the other hand, are fairly similar for most absorbers. For this reason, in
a comparative study natural boron was shown to be as effective as absorbers
having resonance captures many times higher. The noted optimization of
control-vane composition thus refers not to the choice of a poison material,
but to the determination of an optimum ratio of poison hydrogenous
material. It was determined that for most reflector materials the achiev-
able control span could be increased substantially by the introduction of
hydrogenous moderator into the control vane.

An ancillary but potentially very important consideration in the
choice of the control material can be the heat generated in the control
vane. For example, if boron is to be used as the absorber, the exothermic
(n,a) reaction can produce specific power levels in the control vane which
are similar to core power and which have extremely steep spatial gradients.
It is possible that these steep power levels would force the adaption of an
(n,y) type of absorber. Promising candidates for this role are rhenium
and europium.

This study is closed with a true feeling of uneasiness that so many
possibilities have not been explored fully nor have even been mentioned:
fueled reflectors, multiregion and multimaterial reflectors, partly fueled
control drums, partly poisoned reflectors (to make such light weight
materials as beryllium acceptable), and so on. The list itself illustrates
the fact that in order to be tractable at all, the scope of the study had to be
restricted. Hopefully, the restrictions were judiciously chosen.
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APPENDIX A

Cross Sections Employed in Control Study and Correlation
of Experimental and Calculated Results

In the present study a familiar and widely used cross-section set!!
was employed, supplemented by some additional nuclide cross sections re-
quired but not present in the original set. Here only the cross sections for
these additional materials (W, Re, B!? and fission-spectrum-weighted H)
will be described.

One major advantage gained by use of a widely distributed cross-
section set is that many general studies concerning its validity are avail-
able. Some of the more directly applicable studies are presented in Refs. 2.
3,4 and 12. These discuss measurements performed with critical assem-
blies which are related in volume and spectral characteristics to the reac-
tors treated in the present study. Such measurements as a rule are "core
oriented" and do not concern themselves much about reflector properties.
As a consequence, though applicable general experimental data is quite
plentiful, only a few directly reflector-oriented studies are available.’”’

In this Appendix a recent measurement of reflector-located boron worth
and the influence of light-element cross sections on reflector properties
will be discussed.

Tungsten Cross Sections

One of the initial analytical tasks in the study of rocket reactors at
Argonne was the evaluation of available microscopic data for tungsten and
the generation of cross sections for tungsten Actually, the study resulted
in the generation of a number of cross-section sets for tungsten which dif-
fered in various details, such as spectra over which the cross sections were
averaged, in averaging methods, and in the basic microscopic data used.
The methods employed and the data sources used are pPresented in Ref. 13.
Subsequently the generated cross-section sets were subjected to experi-
mental and calculational comparisons.'* The purposes of the comparisons
were to evaluate the sensitivity of various calculated reactor parameters
to differences in the cross-section sets for tungsten and to determine which
of the sets had the highest degree of agreement with experiment. For the
type of reactor neutron spectra considered in this study, the cross-section
set shown in Table A-I was found to be very satisfactory.

The properties of assemblies containing up to 70 v/o tungsten were
calculated within the known limitations of the calculational methods used,
and no systematic error could be assigned to the tungsten cross sections.
The mean neutron energy of these assemblies was 0.2 MeV; thus any self-
shielding in the tungsten resonances is not important. The cross-section

set can be used successfully also for significantly softer neutron spectra

if the tungsten concentration does not exceed 20%. For higher tungsten



concentrations the self-shielding built into the capture cross sections of

the resonance region is not sufficient, and the cross sections below 500 eV
should be re-evaluated.

TABLE A-I. Cross Sections (b) for Natural Tungsten

Energy = o
Group j Doy REM SITR Ii=3 | %imin (5t | G | Oiis | T5its
1 0.026 2.478 4.562 3.657 1.262 0533 0.54 0.28 0.04
2 0.072 2.476 4.625 4,512 1.004 D) 0.36 0.05

3 0.10 1.468 4,379 5051 0.878 0.39 0.08 0.02

4 0.09 0.554 4.626 6.042 0.444 0.02

L) 0.13 0.308 6.641 7.62 0.178

6 0.263 0.309 9.617 9.828 0.046

i 0.651 0.750 12.838 12.242 0.099

8 1.824 1.926 15.170 13,292 0.102

9 3.238 3.345 L7 B2 14.520 0107

10 0.645 0.728 13.489 12.807 0.083

11 87359 85759 41.564 32.925 0.400

1 7.745 TVI2iL 13787 S ki 0.176

13 3.101 3:185 8.409 5.243 0.084

14 3.741 3.810 Qu237 5.447 0.069

15 7.326 7.542 12.890 5.367 0.0216

16 14.412 14.412 20.0 5.607 -

Rhenium Cross Sections

Rhenium is potentially of importance in the nuclear rocket field as
an alloying material for tungsten. Neutronically it is a rather undesirable
material because of its large capture cross section. If it is to be used at
all, it can be used only in fast-spectrum reactors and even then preferably
at low concentrations.

The large capture cross section does present the possiblilty that
rhenium could be used as a control material. Its volumetric absorption is
equal to that of natural boron in most spectra. In other aspects, such as
on a weight or cost basis, rhenium is inferior to boron; thus it would be
used only if structural or n,a reactionheating problems made theuse of boron
impossible.

Basic microscopic data for rhenium is presently quite incomplete.
This is especially true for the inelastic scattering levels. Accordingly, an
interim cross-section set for rhenium was constructed which uses newly
available capture data,'® but borrows the inelastic scattering matrix from
tungsten. In the present study this limitation did not cause any difficulty.
As a core material rhenium is invariably used at a fairly low concentration,
and the inelastic scattering is of only minor importance when rhenium is
evaluated as a control material.

This interim cross-section set for rhenium is shown in Table A-II.
The set should not be used for problems in which rhenium makes up more
than 10% of the core composition.

G
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TABLE A-II. Rhenium Cross Sections (b)

g:z:}g)yJ O,y 9REM Sl O j—=j Oj=jtt | Tjmjtz | Tj=jts | Oj=j+a | Tj=jts
1 0.11 2.563 4.059 3.657 | 1.263 0.33 0.54 0.28 0.04
2 0.18 2.584 4.452 4.512 | 1.004 0.99 0.36 0.05

3 0.25 1.618 3.946 5.051 | 0.878 0.39 0.08 0.02

4 0.33 0.794 4,437 6.042 | 0.444 0.02

5 0.68 0.818 7.120 7.62 0.178

6 1.4 1.445 | 10.752 9.828 | 0.045

7 3.16 3.259 | 15.340 | 12.242 | 0.099

8 8.16 8.262 | 21.554 | 13.292 | 0.102

9 34.2 34,307 | 48.83 14.520 | 0.107

10 5.645 5.728 | 18.53 12.807 | 0.083

11 8.359 8.759 | 41.68 32.925 | 0.40

12 7.745 7.921 | 13.89 5.972 | 0.176

13 3.101 3.185 8.43 5.243 | 0.084

14 3,741 3.81 9.26 5.447 | 0.069

15 7.326 7.542 | 12.91 5.367 | 0.216

16 14.412 | 14.412 | 20.02 5.607 =

The suitability of rhenium as a control poison was investigated by
evaluating its effective capture cross section in a number of reflector
spectra. The effective capture cross sections weighted by the reflector
spectrum existing with the drums in IN position are presented in Table A-III.

TABLE A-III. Averaged Rhenium Cross Sections (b) 4.2 cm Inside Various Reflectors

soRe
Energy C
Group
gg\e Depleted U Al Al,O4 Ni Fe Mo C Zr

1 0.06 0.089 0.105 0.118 0.081 0.083 0.101 0.133 D112
2 0L L1 05355 0.641 0.789 0.473 0 337 0.529 0 TIT 0.616
8 o5, 0.645 0.853 0.745 L:lh 0.630 1.20 0.807 0.940
4 0.28 bid3 5.96 5.26 8.18 5.47 7.64 4.73 7.66
5 0.58 27.84 20.20 21.63 B s 28.74 25.11 17.40 26.16
6 1,2 16.25 17.26 36.6 26.16 17.44 23.28 28.85 27.61
7 316 4.80 6.76 40.89 9.48 5:40 9.16 42.85 15.83
8 8.16 0.375 2.04 45.78 14.20 0.449 1.09 64.9 6.77
9 34.2 0.010 0.821 85.84 36.59 0.010 0.120 160.7 3.90
10 47.0 0.103 45.1 24.00 160.7 0.658
L 5510 B985 1:5:95 80.3 0.110
12 L2 0) 21.80 1382 86.1
13 500.0 (i 36.0 367.0
14 25.0 11537 (¢ 0.60 F170
15 28.0 1.40 0.21 13.30
16 86.0 3.27 0.060 86.0

o) 54.74 410.4 212.2 58.56 68.23 1072.2 90.37

0.609 0.635 S:315 L85 0.623 0.634 8.99 0.784

Boron-10 Cross Section

10 ;

The.: B cross sections were generated by increasing the capture
cross section of the set for natural boron'! given by a factor of 5 and by
adjusting the o TR and ogp)f reaction cross sections accordingly. The



resulting cross-section set is shown in Table A-IV. Flux-averaged cross
sections for natural boron are shown in Tables A-Va and b.

TABLE A-IV. B! Cross Sections (b)

Energy a o - 5

T n,y REM TR i~ | %=t | Ti=jre | Ci=jts | Fjejra | Ojjes
1 0.20 0.87 1.68 | 0.81 | 0.67
2 0.30 0.72 2.03 | 1.31 | o0.42
3 0.20 1.08 2.30 | 1.22 | 0.88
4 0.40 0.90 259 | 1.69 | 0.50
5 1.35 1.73 4.24 | 2.51 | 0.38
6 3.05 3.41 6.52 | 3.11 | 0.36
7 7.50 7.87 10.97 | 3.1 0.37
8 17.00 17.38 20.47 | 3.09 | 0.38
9 40.0 40.38 43.47 | 3.09 | 0.38
10 82.0 82.53 85.47 | 2.94 | 0.53
11 145.0 145.58 | 148.47 | 2.89 | 0.58
12 260.0 260.53 | 263.47 | 2.94 | 0.53
13 460.0 460.58 | 463.47 | 2.89 | 0.58
14 755.0 755.7 758.47 | 2.77 | 0.70
15 1365 1365.46 | 1368.47 | 3.01 | 0.46
16 3346.5 | 3346.5 | 3349.97 | 3.47 -

TABLE A-Va. Averaged Cross Sections (b) for Natural Boron 4.2 cm Inside Various Reflectors

Ig;eo:iy 98 |d(Depleted U)* | 0B #an) | 00B |ano,)| ¢0B o(Ni) | ®oB
1 0.04 1.48 0.059 1.75 0.070 1.97 0.079 1.35 0.054
2 0.06 3.23 0.194 | 5.83 0.350 T 0.430 4.30 0.258
3 0.04 4.30 0.172 | 5.69 0.228 4.97 0.199 7.65 0.306
4 0.08 19.4 1.552 |[21.28 187000 REE e 1.504 | 29.2 2.336
5 0.27 48.0 12.96 |34.83 9.404 | 37.3 10.07 43.5 11.74
6 0.61 13.54 8.26 14.38 8. 7728|8505 18.60 21.8 13.30
7 1.50 1.52 2.280 | 2.14 5 2 12.94 | 19.41 3.0 4.50
8 3.40 0.046 0.156 | 0.25 0.850 5.61 | 19.07 1.74 5.92
9 8.0 0.0003 0.0024 | 0.024 | 0.192 2.51 | 20.08 1.07 8.56
10 16.4 0.0022 | 0.036 0.96 | 15.74 0.51 8.36
11 29.0 0.49 | 14.21 0.29 8.41
12 52.0 0.276 | 14.35 0.175 | 9.10
13 92.0 0.145 | 13.34 0.072 | 6.62
14 151.0 0.071 | 10.72 0.024 | 3.62
15 273.0 0.050 | 13.65 0.0075 | 2.05
16 669.3 0.038 | 25.43 0.0007 | 0.468
Total 91.52 25.63 |86.17 [24.81 |123.8 [196.9 114.7 85.60
¢0B/0 0.280 0.288 1.59 0.746




TABLE A-Vb. Averaged Cross Sections (b) for Natural Boron 4.2 cm Inside Various Reflectors

B B
F:cr:rz:gpy #(Fe) o ¢(Mo) oo #(c) 9o #(zx) b

1 1238 0.055 1.68 0.067 2.22 0.088 1:87 0.075
2 3.06 0.184 4.81 0.289 7.06 0.424 5.60 0.336
3 4.20 0.168 8.0 0.320 5.38 0.215 6.26 0.250
4 19,54 1.563 27.3 2.184 16.89 Iz851 27.36 2.18%
5 49.56 13.38 43.3 11.69 30.00 8.10 45.10 12.180
6 14,53 8.86 19.4 11.83 24.04 14.66 23.01 14.04
i ! 2.565 2.9 4.35 13.56 20.34 5.01 T:515
8 0.055 0.187 0.134 0.456 7.96 27.064 0.83 2.822
2 0.0003 0.0024 0.0035 0.028 4.7 37.60 0.114 0.912
10 227 3725 0.014 0.230
11 1.46 42.34 0.002 0.058
12 1,09 56.67
13 0.734 67.53
14 0.468 70.67
I'5 0.475 1297
16 1.00 669.3

Total 9403 26.96 107553 31.21 119,31 1183.3 L15.1¢7 40.51

¢aB/p 0.287 0.290 9.915 0.352

Some past studies have indicated that the capture rate of boron is
difficult to estimate correctly in fast reactor spectra. For example, in the
study of Ref. 16 the central worth coefficient of boron, which is almost en-
tirely determined by the capture reaction, was consistently underestimated
by ~30% in comparison with the experimental values. Since the capture
cross section of boron itself is one of the best known cross sections, the
fault lies in the calculation of the neutron spectrum. Such a consistent
error would be inconvenient in the present study; thus pains were taken to
explore the accuracy with which the cross-section set used presently com-
putes the boron reaction rate. It was determined that in quite a wide range
of spectra the cross-section set presented in Table A-V predicts the cen-
tral BiC reactivity worth within 5-10% of the experimental value.?™®

Fission-spectrum-weighted Cross Sections for Hydrogen

The hydrogen cross sections used in the study are given in Ta-
ble A-VI. Because of the limitations on the size of the downscattering
matrix imposed by the multigroup codes, only fine downscattering could
be employed. Although not exact, this does represent the downscattering
produced by hydrogen quite satisfactorily. Only ~0.02% of the neutrons
are scattered to lower energies than the energy interval represented by
five groups. The strong forward-scattering component of the hydrogen

scattering reaction is represented by an artificial ne

gative j-j scattering
Cross section.



TABLE A-VI. Fission-spectrum-averaged Cross Sections (b) for Hydrogen

Energy | o, OREM OTR T gt e A : e

Group j : 5] i e || G s || SRap || e
1 s 1.386 0.061 | -0.776 0.739 | 0.231 | 0.231 | 0.139 0.046
2 - 2.047 0.095 | -1.097 0.731 | 0.731 | 0.439 | o0.121 0.025
3 = 3.181 132, -1.861 1.767 | 1.060 | 0.294 | 0.049 0.011
4 < 3.624 1.82 -1.804 2 e Mok = (B ST o8 M0 022 0.005
5 = 4.080 2.93 -1.150 3.387 | 0.571 | 0.100 | 0.018 0.004
6 = 7.2961 | 5.20 -2.0961 6.022 | 1.045 | 0.187 | 0.0296 | 0.0125
7 . 9.0212 | 6.33 -2.6912 7.372 | 1.349 | 0.209 | 0.0608 | 0.0304
8 0.001 9.635 6.666 | -2.969 7.880 | 1.220 | 0.360 | 0.1220 | 0.0520
9 0.004 9.611 6.669 | -2.942 6.719 | 1.920 | 0.680 | 0.1920 | 0.0960
10 0.008 | 11.6518 | 6.622 | -4.9798 7.757 | 2.719 | 0.780 | 0.2319 | 0.1559
11 0.014 | 12.1249 | 6.676 | -5.4489 8.494 | 2.418 | 0.719 | 0.360 0.1199
12 0.025 | 11.864 6.817 | -5.047 7.906 | 2.364 | 1.182 | 0.387 =
13 0.045 | 12.380 6.830 | -5.550 7.409 | 3.684 | 1.242 - E
14 0.070 | 13.386 6.847 | -6.539 9.982 | 3.334 5 = E
15 0.130 | 11.150 6.920 | -4.230 11.020 = 5 A -
16 0.27 0.27 7.09 6.8 = - = - -

The cross sections were found to be satisfactory in the calculation
of central worth of hydrogen in a number of tungsten-containing assemblies
of the ZPR-9 program. The calculated central worth was within ~15% of
the experimental values. The cross sections were less satisfactory when
used in the calculation of the worth of uniformly distributed (over the core
or reflector) hydrogen. For these cases discrepancies of ~50% were ob-
tained between the experimental and calculated values.

Comparison of Calculated and Experimental Results

As noted previously, sufficient experimental data of a general nature
exist to verify the adequacy of the cross sections used in this study for per-
forming core-oriented calculations. The satisfactory use of these cross
sections strongly suggests that they are applicable for the reflector evalua-
tions which have been performed; however, not much experimental data for
direct verification of such reflector calculations are available. Two types
of measurements which do fall into the reflector study category were per-
formed in the ZPR-9 experimental program and they will be reviewed here
briefly.

The first concerned the measurement of reactivity rates and fission
ratios in a full-density aluminum reflector. There was some concern about
the ability to calculate reaction rates in an aluminum reflector since in the
past aluminum and other light metals have proved troublesome when cores
containing large volume fractions of these materials were analyzed. The
difficulty is caused by the elastic scattering resonances of the light metal
which occur for neutron energies of 500 keV and below. This energy region
is important for fast and intermediate reactors. Except for the elastic
scattering resonances, all other neutron cross sections are fairly smooth
functions in this energy region. The energy divisions of the 16-group set
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are much too coarse to define the energy variation of the resonances; thus
the self-shielding produced by the resonances must be incorporated

a priori into the cross-section set. A possible method of achieving this

is the use of the ELMOE code in calculating the self-shielded cross sec-
tions.!” The ELMOE code is a cross-section-generation routine based on
several hundred fine energy groups over which the scattering resonances
are represented explicitly. Several options are available for calculating
the fine-group spectrum, which is then used in generating the coarse-group
self-shielded cross sections. The influence of this self-shielding on the
coarse-group cross sections is analyzed in Refs. 18 and 19. The effect of
these differences on the calculated reflector flux is shown in Table A-VII.
Presented are experimental fission reaction rates of U2%% and U?% at various
reflector positions alongside corresponding calculated values obtained by
two calculational methods. The first column of the calculated values was
obtained from a computation which employed the completely unshielded
(that is, infinite dilution) cross section for aluminum as given in the stan-
dard cross-section set of Ref. 11. The second column represents reaction
rates obtained by using self-shielded cross sections for aluminum com-
puted by the ELMOE code. It is encouraging to note that in most cases the
use of the ELMOE-corrected set resulted in a better agreement between
theory and experiment. The improvement is not large, however, and since
the infinite-dilution standard set produced an agreement between calculated
and experimental reaction rates within 5-10%, the standard cross-section
set was judged to be sufficient for the purposes of this analysis.

TABLE A-VII. Several Measured and Calculated Properties of an Aluminum Reflector
(For ZPR-9 Assemblies No. 1 and 3)

Assembly No. 1 Assembly No. 3

Meas Calc? CalcP Meas Calc? calc?

Distance from core, cm U?* reaction rates®

Bi 0.245 0.29 0.297 0.24 0.27 0.278
10 0.22 0.235 0.241 0.18 0195 0.201
L5, 0.17 0.16 0.164 0.14 0.15 0.154

23 2
U?*® reaction rates®

3 - 0.175 0.161 0.125 0.145 0.132
10 - 0.12 0.111 0.08 0.085 0.078
15 - 0.07 0.065 0.06 0.06 0.056

U”‘/U235 fission ratio

5 - 0.0258 0.0232 0.0180 0.0205 0.0184
10 - 0.0208 0.0191 0.0125 0.0152 0.0140
15 - 0.0175 0.0164 0.0098 0.0132 0.0120
Edge fuel worth, Ih/kg 24.0 20.8 25.2 12,0 12.3 133
2Aluminum cross sections of Ref. 11, .

Aluminum cross sections corrected for resonance scattering by ELMOE code

c ; :
R‘eactmn rates normalized to 1 at core center. All calculations performed by multigroup
diffusion code in cylindrical geometry.



The second directly applicable experiment performed in the course
of the ZPR-9 program was designed to duplicate the calculational model
used in computing the control-vane reactivity worth in this study. For this
purpose a ring of Bw—containing stainless steel cans concentric with the
core was loaded in the aluminum reflector of ZPR-9 Assembly No. 6. The
ring was located ~4 cm from the core-reflector interface. The experiment

thus duplicated the calculational model for the control drums in IN condition.

Because of the spatial discreteness of the ZPR-9 lattice, it is impossible to
achieve a continuous and truly concentric ring. The arrangement of the
final experimental configuration is shown schematically in Fig. A-1, in
which the core midplane is pictured. The ring of boron cans shown extends
along the whole axial distance of the core. The average radial distance of
the boron cans from the core center varied by less than 1 cm from an ideal
circular radius of 42.5 cm. A more serious departure from ideal ring con-
ditions was the discontinuity of the ring caused by the square nature of the
ZPR-9 lattice. The total angle spanned by the boron cans was 274° or 76%
of the total radial angle.

45
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Fig. A-1. Schematic Representation of Boron
Ring Experiment in ZPR-9
Assembly 6

63



64

A total of 2.16 kg of B'® were loaded into the reflector in the form
of 2 x 2, x l/8-in. stainless steel clad cans. 528 such cans each containing
~4.1 g of B!® were required to complete the ring along the whole axial
height (61 cm) of the 260-liter core. The reactivity change produced by
the addition of the boron was compensated by loading 2.06 kg of U23® in the
central region of the core indicated in Fig. A-1. The U?% was added in the
form of 1/16-in. plates, increasing the U?% concentration in the central
3 drawers by 25%.

The reactivity change produced by the loading of poison and of fuel
was monitored in a stepwise manner by the positive period method. The
total experimental worth of the boron ring was determined to be ~0.75% Ak.
Since this is produced by a ring which is only 76% complete, the equivalent
full ring worth is ~1.0% Ak.

Table A-VIII presents the results of calculations equivalent to the
experimental conditions. The calculations were performed in two sets:
the first set disregards the increase in the central fuel concentration; the
second set includes the centrally loaded UZ35, both in the boron-free and
the boron-ring-containing problem. The effect of including the reactivity
loss compensating U?*® on the calculated worth of the boron ring is below
1% of the total ring worth. In both cases the calculated reactivity worth
overestimates the experimentally measured value by ~16%.

TABLE A-VIII. Reflector-located Boron Ring Problems

e Radial Total Worth of
Description of Probl k
1P ik oy e Core Leakageb Core Leakage B Ring
Base problem.? B-free
ZPR-9 Assembly No. 6. 1.01106 0.1979 0.3563
1.18% Ak
B ring added in reflector. 0.99916 0.2086 0.3669
No B ring. 2.06 kg of U?**
added to central region. 1.0155 0.1964 0.3547
B ring. With 2.06 kg of U?* 1.17%: Ak
in central region. 1.0036 0.2063 0.3654

2Cylindrical geometry. DSN code in S, approximation.

bThe leakages are normalized to a unit source in the core.
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APPENDIX B
A FORTRAN Neutron-balance Code for the CDC-160A Computer

Practically all of the numerous available multigroup diffusion or
transport theory codes provide as output spatial flux distributions and
region-integrated fluxes. Such data can subsequently be used to obtain in-
tegrated or spatially dependent reaction rates of any neutron reaction or
used to calculate energy-dependent neutron balances for each region.

Of particular importance to this study is the fraction of neutrons
transferred between regions. The code presented in this Appendix was
written specifically to calculate these fractions. The neutron leakages
from the core and the reflector and the energy-dependent capture rate in
the control poison were computed. These calculated quantities were used
extensively in the evaluation of reflector and control poison materials.

The code is written in FORTRAN for the CDC-160A computer. The
input data to the code consist of energy-dependent region-integrated fluxes
provided by any multigroup diffusion or transport theory code and the
macroscopic cross sections of the respective regions. The mathematics
of the code is based on the simple neutron-balance equations:

Leakage from Total neutron Total neutron loss
region i, = |source into region i,| - |term from region i,|,
J

energy group energy group j energy group j

where

J
Total source .
# . *|normalization * Leakage from
= X + ST ool o
e X [factor ] Zf P k=j l:other regions |’
group j k=1 Jreg i

Total loss term M . 5 o
region .i, = z q)j Zj—-k+ (bj anp. o ®jZXj.
group J k=j=1 Jreg i reg i J reg i

The cross-section set used in the code and in the analysis was the
l6-group set described in Appendix A. The code has a comprehensive out-
put which gives the energy dependence of each separate source and loss
term, and the sums over the 16 energy groups. The input allows problems
to be run consecutively so that the leakage-loss term of one region can be
used as the leakage-source term for the adjoining region.

The input specifications, the FORTRAN representation of the code,
and a complete sample calculation are given in the pages following.

The code of this Appendix was used to process the results of cal-
culations on which the evaluations of reflector materials given in
Section II are based. These processed results are presented in Section II



in various ways designed to illustrate the particular reflector property
under discussion. In this Appendix the calculated data are summarized in
Tables B-I through B-VI. The tables could be useful if the study is ex-
tended to other reflector materials or if additional comparisons are made.

TABLE B-1. Test Problem for NEUTRON BALANCE Code
Alp03-reflected core of assembly No. 6 type in cylindrical geometry. Fluxes obtained by the MACH-1 code.

k Jeored Zrgma ZremP Tkt | Ikokt1/0 | Tkeks2 | Tkeks2f® | Tkekt3 | Zkek43)0 | Zkkrd | Zkoksaf?
1| 1904 0.089102 | 0.17557 0.041742 0011415 0.016112 0.008533

2 | a3 008023 | 037980 002887 | 0082248 | 0.028180 0.010852 0.001502

3| a81% 005879 | 028313 003065 | 0.13667 0013778 | 0022492 | 0.00379 0.000456

4 | B3 0.028%47 | 0.402453 0017057 | 0.14760 0.000842 | 0.13340 - 0.031747 -

5 | 19.3460 0.02044 | 038777 000735 | 0.237145 - 0066350 - 0.051372 - 0.016813
6 | 7.69% 0.024935 | 0.19198 0.0027613 | 0.14231 - 0.011706 - 0.011456 - 0.0071103
7| e 0.045066 | 0.046558 0.0038117 | 0.021260 - - - 0.0021960
8 | 02 0.097232 | 0.021819 0.003818 | 0.003938 - - -

9 | 0.0676 0.2477 | 0.013814 0.0039286 | 0.0008567 - - -

10 | 002486 0.2960 | 7.3735x103 | 0.0038837 | 0.0002650 - - -

1 | 8571x103 | 062570 | 53629x103 | 0011280 | 0.000095 - - -

12 | 7.5%5x103 | 05954 | 453%07x10> | 0.006004 | 0.0000%7 - - =

13 | 16s5x103 | 025265 | 2.946x103 | 0.004114 | 0.0000456 - - -

1 | 29%9x103 | 045233 | 22476 x103 | 0.0042093 | 0.0000479 - - -

15 | 2442x103 | 11863 | 289%9x103 | 0.006660 | 0.0000209 - - -

16 | 3.222x103 | 30893 | 9.957x103 - 0.0000163 - - -

k| Zkekss | Ekekeso kzi):H.j I zﬁ"a;;::' I9%cap fﬂkélzk_k;] FaLn Tf':"t:,sc':';[‘? o oil séé?é:d
1| 000204 0.07906 | 0.0100% | 0.006803 | 0.013405 0.15567 0.204 | 0.204 0.02843

2 - 069404 | 001082 | 0007678 | 0.036347 0.32855 0344 | 042625 0.04645 | 0.082248
3 - 0047263 | 0011531 | 0008331 | 0.040119 0.22760 0.168 | 032716 0.08403 | 0159162
] - 0017899 | 0.011048 | 0.008198 | 0.11398 0.24885 0180 | 049215 0.09030 | 031275
5 - 000735 | 001268 | 0.010542 | 0.203% 0.14231 0.0% | 046168 0.07391 | 037168
6 - | o032 | oozl | 0022174 | 002046 | 015742 0.021258 0014 | 018895 | -0.00303 | 0.17495
7 - 0.0038117 | 0.041254 | 0.039%6 | 0.041227 0.003938 00236 | 00231 | 00236
8 - 0.003818 | 0.093414 | 0.092289 | 0.020710 8.567 x 104 0003938 | -0.01788 | 0.003938
9 - 0.0039286 | 0.200841 | 019997 | 0.0134%0 2650 x 1074 0.0008567 | -0.0129 | 0.0008567
10 - 00038837 | 029272 | 029191 | 7.2569x 1073 | 0.9655 x 1074 0.0002650 | -0.00711 | 0.0002650
1 - 0011280 | 061442 | 061405 | 5.263x10°3 | 0.9668 x 104 0.000095 | -0.005266 | 0.0000965
12 - 0006004 | 05954 | 058988 | 4.4806 x103| 4.560x 10-5 0.000097 | -0.004434 | 0.000097
13 - 0004114 | 02485 | 024734 | 2.8827 x103| 4795105 0.000456 | -0.00290 | 0.0000456
14 - 0.004209 | 044812 | 0.44730 | 2.2226x103| 2.0916 x 1075 0.0000479 | -0.00220 | 0.0000479
15 - 0.006660 | 11797 11792 2,879 x 1073 | 16264 x 10°5 0.0000209 | -0.00288 | 0.0000209
16 - 3,083 3,0891 9.9531 x 1073 0.0000163 | -0.009937 | 0.0000163

A|ncludes axial leakage.
No axial leakage.



TABLE B-11. Leakage Neutron Balances for Aly03-reflected Reactor

Fraction Fraction . Fraction Fracti i " . . 5
Fraction X ‘action Change in Fraction Fraction Fraction Fraction | Change in
L:::ﬁj’rr:T L.zax: &Orl;\ Entering Boron - :Ibs(:;be: in Absorbed | Core Leakage | Leaked from | Entering B + H Absorbed in Absorbed | Core Leakage
R 4 " | Region, Lgg el ic _rL egion, | in qunn Fraction, B + H Core, Region, Reflector Region, | in B +H | Fractions,
g B 8 - LBR Region L-1g Lg+y LRg+y Lg+y = LRgsy | Region | L-Lgiy
gﬁ;gg g.ggg: gg;gg 3%3 3.00014 000189 | 0.02641 0.01802 0.00839 0.00011 0.00127
X X X X .00044 000238 | 0.04424 0.03%41 0.00483 0.00022 0.00108
0.04741 0.04546 0.02703 0.01843 0.00021 0.00195 0.04624 0.02786 0.0
010884 | 0.10760 0.0m8 0.03042 0.00157 I . y O g.00011 Lot
. X 000124 | 0.1099 0.07947 0 -
00%20 | 0.09%0 009931 -0.00031 e 0.00071 5011 -1 00074
0.000725 | 0.007263 0.04193 -0.03467 T 20 | o Soize 000 oo | o0
-0.02243 | -0.01551 0,001498 -0.01701 001617 o o b S e | b
A e SR o g X 0.01845 0.003420 -0.01503 0.00978 -0.00398
S ool L L0z 01121 -0.00670 | -0.01156 -0.005569 -0.00599 0.009%3 -0.00244
X e 7 = .00207 0.00638 -0.00538 | -0.005341 -0.002632 -0.00271 0.00848 -0.00232
-0.003123 | -0.000437 ) 97 X103 -o.00047 | 00035 -0.00268 | 0.001540 -0.000564 -0.000976 0.00444 -0.00158
0001668 | 8X105 | 307 x10°3 -1.20x 10 0.0009% -0.00158 | -0.000500 -0.000131 ~0.000369 0.00244 -0.00117
-0.001049 | -1.49 x 10~ 1.01 x 10 -250x10°5 | 0.000463 -0.00104 | -0.000150 -2.08x 1072 ~0.000129 0.00134 ~0.0008%8
-0.000503 | -151x m:g 203105 -3.54x106 | 0,000187 -0.000501 | -2.67x10°5 | +6.09x10 | -328x10° | 0000563 | -0.000476
0000262 | -265x10°7 | 149x 107 -414x107 | 748x10% | -0.000262 | -5.03x10 | +2.08x10°6 7x100 | 0000218 | -0.000257
-0.000192 | -4.35 x 10 442x10°8 B77x108 | 433x105 [ 0000192 |-L1x10°6 | 4558x107 | - 6 |0 -0
5 B £ 167 x 10 0.000116 0.000191
-0.000148 | -4.30 x 10 5.56 x 10° -9.86 x 10 2401075 | -0.000148 | -143x10-7 | +117 x 10-7 -260x10-7 | 55x10-5 | -0.000148
027515 | 030242 0.30137 0.00104 0.06862 -0.02121 | 0.29712 0.29606 0.00107 0.05215 0.02198
TABLE B- Il . Leakage Neutron Balances for Carbon-reflected Reactor
Fraction Fraction " Fraction Fraction | Change in Fraction Fraction Fracti Fracti i
Leaked from | Leaked from E:t':rci:;nsoron Absorbed in Absorbed | Core Leakage | Leaked from | Entering B + H Absr::hleoﬂnin ALZﬁm Cg:‘: E:x:;e
Boron-free | Boron Core, Region, Lgg Reflector Region, | in Boron |  Fraction, B + H Core, Region, Reflector Region, | in B +H | Fractions,
Core, L Lg Lg - Lgr Region L-1g Lg+H LRg+y g+ = LRg+y | Region L-Lg+y
0.02967 | 0.02597 002019 0.00578 0.00009 0.00370 | 0.02673 0.02083 0.0059 0.00004 0.00294
005069 | 0.04527 0.04080 0.00447 0.00041 000542 | 0.04683 004242 0.00442 0.00021 0.0038
005046 | 0.04671 0.03289 0.01382 0.00021 000375 | 0.04768 0.033% 0.01374 0.00010 0.00278
0.11915 | 011528 0.08482 0.03046 0.00139 000387 [ 0.116% 0.08725 0.0295 0.00068 0.00225
010570 | 010633 0.0973 0.00%0 0.00825 -0.00063 | 0.10751 0.09850 0,001 000402 | -0.00181
0005931 | 0.01012 0.03471 0.02459 0.01416 -0.00419 | 0.01069 0.03475 -0.02406 0.00694 | -0.00476
-0.02405 | -0.01766 0.004166 0.02183 0.01680 -0.00639 | -0.01937 0,000121 0.01949 0.00957 | -0.00468
-0.01923 | -0.01086 -0.000191 -0.01067 0.01605 -0.00837 | -0.01444 -0.004685 -0.00975 001172 | -0.00479
-0.01342 | -0.004589 0.000182 -0.00477 0.01250 -0.00883 | -0.008142 -0.002867 -0.00527 0 y
01271 0.00528
-0.006839 | -0.001200 0.000330 -0.00153 0.00621 -0.00564 | -0.002887 -0.000611 -0,00228 000826 | -0.00395
-0.004561 | -0.000343 0.000191 -0.000534 0.00348 -0.00422 | -0.001167 -481x10° | -0.00112 0.00559 | -0.00339
0003558 | -8.86x107° |  7.58x107 ~0.000164 0.00218 -0.00347 | -0.000442 6.98x10-5 | -0.000512 0.00386 | -0.00312
0002252 | -1.52x10°5 | 2.07 x 105 -359x10-5 | 000122 -0.00224 | -0.000102 673x107 | -0.000169 000213 | -0.00215
-0.001515 | -3.71x10°6 | 317 x 106 -6.88x10°6 | 0.000674 | -0.00151 | -2.49 x 10-5 222x10 | -471x105 | 0.00111 -0.00149
-0.001578 | -9.97 x 1077 L14x10-6 -2.14x 106 0.0005% | -0.00158 | -7.17 x 106 7.37x10°6 [ -145x10-5 | 0.000911 | -0.00157
-0.003384 | -1.86x107 | 238x107 -4.24x107 | 0000840 | -0.00338 | -1.54x10-6 1.66x106 | -320x106 | 0.00118 | -0.00338
028121 | 031493 0.31492 0 0.08506 -0.03371 | 030976 0.30976 0 0.06%03 | -0.02854
TABLE B-1V. Leakage Neutron Balances for Aluminum-reflected Reactor
Fraction Fraction Fraction Fraction Fraction Change in Fraction Fraction Fraction Fraction Change in
Leaked from | Leaked from Erbiring Boron Absorbed in Absorbed | Core Leakage | Leaked from | Entering B + H Absorbed in Absorbed | Core Leakage
Boron-free | Boron Core, R ior? e Reflector Region, | in Boron Fraction, B + H Core, Region, Reflector Region, | inB +H Fractions,
Core, L lg DN, LBR Lg - LgR Region L-lp Lg+H LRg.4y Lg+H - LRgsyy | Region | L-Lpsy
0.02254 0.02239 001721 0.00518 0.00010 0.00015 0.02255 0.01738 0.00517 0.00006 -0.00001
0.03918 0.03909 0.03528 0.00381 0.00038 0.00009 0.03971 0.03600 0.00371 0.00019 -0.00053
0.04094 0.04097 0.03532 0.00565 0.00024 -0,00003 0.04144 0.03591 0.00553 0.00012 -0.00050
0.10007 0.10129 X 0.00826 0.00177 -0.00122 0.10291 0.09508 0.00783 0.00086 -0.00284
0.09874 0.10137 0.10763 -0.00626 0.00%40 -0.00263 0.10282 0.10898 -0.00616 0.00456 -0.00408
0.02744 0.02741 0.04034 -0.01293 0.00878 +0.00003 0.02712 0.03952 -0.01240 0.00447 +0.00032
0003324 | -0.00345 -0.000667 -0.00268 0.00329 +0.00002 -0.005421 -0.002959 -0.00246 0.00267 +0.00210
0000387 | -0.000327 +238 %105 -0.000351 0.000757 -0.00006 -0.001641 -0.001197 -0.00044 0.00151 +0.00125
-6.52x10 | -3.68x105 | -3.16x106 -336x 10-5 0.000117 -2.84x 107 | -0.000522 -0.000427 -0.000085 0.00081 0.000457
1.2 x10°6 | -2.02x 10-6 167 x10-7 -219x 106 1.08x10-5 | -5.25x10-6 | -0.000102 -8.20x10-5 -2.0x10-5 0.00028 9.5x10-5
-9.88x107 | -1.06x 107 2.98x10-8 -136x107 | 9.80x107 | -8.82x107 |-269x10-5 [ -224x10-5 -4.5x 1076 0.00012 2.59x10-5
-}.g X i% -3.4560 X ur‘;1 2.80 x ur‘lio -6.26 10-:0 8.88 10-3 -1.36 x 10-7E -7.03 x 10-2 -5.87 x 10-3 -L16 x 10;6 5.15x m—g 6.89x 10-:
-1.58x -6.50 x 10~ 1,29 10- -1.94x 10~ 7.08x109 | -157x10-8 | -117x10-6 | -9.29x 10" -2.4x 107 163x10°5 | 115x 107
215x10°9 | -285x10-12 | 285x10112 | -570x10-12 | 6.25x10-10 | -2.15x109 |-2.08x10-7 | -Lélx 107 -4.7 x10-7 470x10°6 | 2,06 x10°7
345x10°10| -104x20°B3 | 1315103 | -235x10-13 | 7.15x10-11 | -345x10°10 | -3.66x10-8 | -262x10°8 104x108 [ 151x106 | 363x108
B5x10°1 -179x10°15 | 271x10°M | -289x10-14 | 51310712 | -3.25x 10711 | -2.95x10°9 | -1.84x 1079 -L1x109 | 301x107 | 2.92x10°9
032512 032880 0.32816 0.00064 0.02485 -0.00368 0.32883 0.32818 0.00066 0.01572 -0.00371
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TABLE B-V. Leakage Neutron Balances for Iron-reflected Reactor

Fraction Fraction " Fraction Fraction Change in Fraction Fraction Fraction Fraction Change in
Leaked from | Leaked from | Fractien Absorbed in | Absorbed | Core Leakage | Leaked from | Entering B + H | Absorbedin | Absorbed | Core Leakage
Boron-free | Boron Core, E':"i:: L°';" Reflector Region, | in Boron Fraction, B + H Core, Region, Reflector Region, | in B +H Fractions,

Core, L Lg e, L Lg - Lgr Region L-1g L+ LRg 4y Lg+y " LRgsy | Region L-Lgsy
0.02351 0.02305 001454 0.00851 0,00008 0.00046 002333 0.01475 0.00858 0,00004 0.00018
0.04643 0.04538 0.03177 0.01361 0.00030 0.00105 0.04614 0.03265 0.01349 0,00016 0.00029
0.03948 0.03952 0.03557 0.00395 0.00032 -0.00004 0.04007 0.03622 0.00385 0.00019 -0.00059
0.09307 0.09527 0.09273 0.00254 000234 -0.00220 0.09741 0.09526 0.00215 0.00124 -0.00434
009315 0.09726 0.10787 -0.01061 0.01157 -0.00411 0.09897 0.10956 -0.01059 0.00578 -0.00582
0.02272 0.03% 003346 -0.00952 001130 -0.00122 002329 00323 -0.00907 0.00585 -0.00057
-0.002683 | -0.002190 0.000101 -0.00229 000518 -0.00493 | -0.005151 -0.003683 -0.00147 0.00443 +0.002468
-0.002116 | -0.001250 -0.000119 -0,00113 0.00254 -0.000866 | -0.003501 -0.002281 -0.00122 0.003% 0.001385
0000729 | -0.000243 | +3.78x 100 -0.000281 0000979 | -0.99%486 | -0.001122 -0.000633 -0.000489 0.00310 0.000393
0000319 | -475x10% | 212x10°5 -6.87x105 | 0000351 | -0.000272 | -0.000333 -6.63x 105 | -0.000267 0.00159 14x10°%
-0.000176 | -9.96x10°6 | 6.9 x10°6 -169x105 | 0.000157 | -0.000166 | -0.000107 -849x10°7 | -0.000106 0.000847 -6.9x10°5
-0.000105 [ -189x106 | 1.82x106 -371x10°6 | 7.67 x10°3 | -0.000103 317 x10°5 +5.69x10°6 [ -374x10°5 | 0.000437 14x10°5
-435x10°5 [ -244x107 | 3.03x107 -547x107 | 2.84x10°5 | -433x10°5 | -6.23x 106 252x106 [ -8.75x10°6 | 0.000161 -3.13x10°%
-154x10°5 [ -3.53x108 | 291x10°8 -644x108 [ 887 x106 [ -1.54x107% | -1.19x10°6 478x107 | -L67x100 | 514x10% | -142x10°5
-5.02x10-6 | -5.02x10°9 | 5.92x109 -1.09x108 | 272x10°6 | -5.02x10°6 | -2.30 x 107 893x108 | -319x107 | 184x10° | -479x10°6
-535x107 [ -311x10-10 3.90x10-10 | -7.00x10-10 | 2.83x107 | -535x107 | -1.82x 108 7.09x109 | -253x108 | 3.43x100 | -417x107
031219 032008 0.315% 0.00469 0.03524 -0,00850 0.318% 031415 0.00480 00278 -0.00678

TABLE B-VI. Leakage Neutron Balances for Nickel-reflected Reactor

Fraction Fraction Fractlon Fraction Fraction Change in Fraction Fraction Fraction Fraction Change in
Leaked from | Leaked from Entering Boron Absorbed in Absorbed | Core Leakage | Leaked from | Entering B + H Absorbed in Absorbed Core Leakage
Boron-free | Boron Core, Region, LgR Reflector Region, | in Boron Fraction, B + H Core, Region, Reflector Region, | inB+H Fractions,

Core, L = Lg - Lgr Region L-lg Lg+H LRg+H Lgey” LRg+y Region L-Lgsy

0.025% 0.02525 00139 001126 000044 | +0.00071 0.02542 0.01414 0.01128 0.000414 0.000540

0.04811 0.04686 003128 0.01558 0000745 | +0.00125 0.0473 0.03197 0.01539 0.000597 0.00075

0.03458 003534 0.0328 0.00248 0000387 | -0.00076 0.03568 003323 0.00245 0.000231 -0.00110

0.08780 0.09105 0.09189 -0.00084 0.00271 -0.00325 0.09332 0.09455 -0.0013 0.001446 -0.00552

0.09202 0.09%19 0.09%61 -0.00042 001232 -0.00417 0.09774 0.09826 -0.00052 0.00616 -0.00572
0.01634 001877 002421 -0.00544 0013674 | -0.00243 0.01817 0.02306 -0,00489 0.00717 -0.00183
-0.001275 | -0.00114 | 0.000078 -0.001232 0.00633 -0.000121 | -0.00229 -0.00410 +0.00181 0.00644 +0.001015
-0.002467 | -0.001760 | 0.000664 -0.002424 0.00367 -0.000707 | -0.00324 -0.00110 -0.00214 0.005007 +0,000773
-0.001443 | -0.000599 | 0.000344 -0,000943 0.00226 -0.000844 | -0.00157 -0.000145 -0.00142 0.00483 +0.000127
-0.000657 | -0.000140 _ | 0.000113 -0.000253 0000922 | -0.000517 | -0.000500 0.000113 -0.000613 0.00263 -0.000157
-0.000354 | -372x 107 | 0.000037 -0.000074 0000426 | -0.000317 | -0.000171 8.37x 107 -0.000255 0.00143 -0.000183
0000216 | -1.05x105 | 0.000010 -0,000020 0000219 | -0.000205 | -0.000060 3.93x10° -0.000100 0.000753 -0.000176
-8.18x 1075 | -210x106 | 1.8x10°6 -3.9x10°6 81x10°5 | -8.0x10-5 | -0.000013 115x 105 -24x105 | 0.000277 -7.0x10°5
-261x10°5 | -4.47x10°7 | 193x107 -640x1077 | 24x10° | -257x105 | -28x100 | 22x100 -50x106 | 867x10° | -23x107
7.6x100 | -97x108 | 260x108 -1.3x10:7 | 69x100 | -7.5x100 | -60x107 | 38x107 -98x107 | 30x10° -7.0x10°6
-64x107 | -7.4x10°9 | 7.73x10-10 -82x10°9 59x107 | -63x107 | -45x108 [ 21x108 -46x108 | 55x106 -63x107
0.29828 0.30976 0.01767 004421 -0.011474 0.30986 0.290114 0.01973 0.03751 0.01157




Card No. Format
1000 B 205
2000 12A6
3000 416
4000 6E12.5
7000 6E 125
8000 OER25
9000 6E12.5

10000 6E12.5
11000 B 1275

69

Input Specifications

Input Description

Problem number.
Description of problem.
Input options, N, M, IC, and IX,

N = cross-section option. Used if problems employ-
ing the same cross sections are run consecutively.

N > 0; Readcross sections.

N = 0; Do not read cross sections.

M = consecutive problem option.
M = 0; Final problem in series.
M > 0; More problems following.

IC = In-leakage options.
IC = 0; In-leakage will be equal to out-leakage of
previous problem.
IC = 1; In-leakage will be set equal to zero for
all groups.
IC = 2; In-leakage will be read as input data.

IX = Leakage cross-section option.
IX ;! 0; Print out leakage cross section that is,
Leakage out/Flux integral.

IX = 0; Donot print leakage cross section.

ZREM(j) The total group-dependent removal cross

section defined as ZREM = ZTRANSFER T ZF + 2¢.
X(j) Fission neutron spectrum.

2 Group-dependent transfer (slowing-down)
cross section. The transfer matrix from each group
is entered on a separate card.

[ ¢ Region-integrated flux.

In-leakage. Entered if IC = 2.

Normalization factor for fission source.
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(s 2

26

28
70
72

29
27

80
81

43
42

30

12
90

44

11

31

13

NEUTRON BALANCE CODE
DIMENSTONFLUX(16),FI1SS(1)»SIGRE(16),SIGSC(16+5),FISP(16)s
1SIGCA(16),SCAT(16),TOTRE¢L7)»TOTCALL7),TOTSC(17),FISOR(17),
2SCATFR(16,5),SCAT0(16,21),SCATTO(L17),TOTSOR(17),SLEAK(L17),
IPROB(1),XSECT(16),DISC(12),SLEAKI(L7),S1GTR(16),SIGJJ(16)
READ 5,PROB,(DISC(K) K=1,12)
PRINT 1

PRINT2,PROB, (DISC(K)»K=1,12)
READ 3,NsM,I1C,IX

PRINT 85,N,M,IC,IX
IF(N)27,27,28

CONTINUE

READ 4, (SIGRE(K),K=1,16)

READ 4,(FISP(K),K=1,16)

DO 29 K=1,16

READ 4,(SIGSC(K,J),J=1,5)

READ 4, (FLUX(K),K=1,16)
IF(IC-1)16,80,43

DO 7 K=1.16

SLEAKI(K)=SLEAK(K)

GO TO 42

DO 81 K=1,16

SLEAKI(K)=0,40

GO TO 42

READ 4, (SLEAKI(K),K=1416)

READ 6,FISS

DO 30 K=1,16

SCAT(K)=0,0

DO 12 K=1,16

DO 12 J=1,5
SCAT(K)=SCAT(K)+SIGSC(K»J)
SIGCA(K)=SIGRE(K)=SCAT(K)
TOTRE(K)=SIGRE(K)#FLUX(K)
TOTCA(K)=SIGCA(K)#FLUX(K)
TOTSC(K)=SCAT(K)*FLUX(K)
SCATFR(K,J)=SIGSC(K, J)wFLUX(K)
FISOR(K)=FISP(K)*F1SS

L=Ke+J

SCATO(K,L)=SCATFR(K,J)

PRINT 45

PRINT 46

DO 44 K=1,16

PRINT 9 ,K,FLUX(K),SIGRE(K),FISP(K),SLEAKI(K),S]GCA(K)
PRINT 8

PRINT 10

DO 11 K=1,16

PRINT 9,K, (S1GSC(K,J)sJ=54:5)
PRINT 33, FISS

DO 31 L=2,16

SCATTO(L)=0,0

DO 13 L=22,16

DO 13 K=1,16
SCATTO(L)=SCATTO(L)+SCATO(K,L)
SCATTO(1)=20,0

SLEAK(17)=0,0

SCATTO0(17)=0,0

TOTRE(17)%0,0

TOTCA(17)%0,0

TOTSC(17)%0,0

FISOR(17)=0,0

SLEAKI(17)=0,0



TOTSOR(17)=0,0
DO 14 K=1,16
L=k
TOTSOR(K)=SCATTOUL)+FISOR(K)*SLEAK] (K)
SLEAK(K)STOTSOR(K)=TOTRE(K)
TOTCAC17)=TOTCA(L7)+TOTCA(K)
TOTRE(17)=TOYRE(17)+TOTRE(K)
TOTSC(17)=TOYSC(17)+TOTSE(K)
FISOR(17)=FISOR(17)+F]SOR(K)
SCATTO(17)=SCATTO(17)«SCATTO(L)
SLEAKI(17)=SLEAKI(17)«SLEAK](K)
TOTSOR(17)=TOTSOR(17)TO¥SOR(K)
14 SLEAK(17)=SLEAK(17)+SLEAK(K)
PRINT 15
DO 22 K=1,16
22 PRINT 9,K, (SCATFR(K,J)»Jn1s5)
PRINT 51
DO 63 K=1,17
63 PRINT 62,K,TOTCA(K),TOTSE(K)+ TOTRECK) ,SLEAK]I(K) ;FISORCK)+SCATTO(K)
1, TOTSOR(K)
IF(IX)56,56455
55 PRINT 18
DO 40 K=1,16
40 XSECT(K)SSLEAK(K)/FLUX(K)
DO 24 K=z1,16
24 PRINT 20.K,SLEAK(K),XSECT(K)
PRINT 41,SLEAK(17)
GO TO 57
56 PRINTY 17
DO 58 Ks1,17
58 PRINT 59.,K,SLEAK(K)
57 CONTINUE
IF(M)25,25,26
25 CONTINUE
FORMAT(LH1///31H NEUTRON BALANCE CALCULATION///)
FORMAT(F12,5//12A6)
FORMAT(416)
FORMAT(6E12,6)
5 FORMAT(F12.,5/12A6)
FORMAT(EL12,6)
) FORMAT(///64H MACROSEOPIC DQWN SCATTERING CROSS SECTIONS FROM
1GROYP K TO0= )
9 FORMAT(16,5E12.6)

PR

o

10 FORMAT(&5H K K¥3 K+ Ke3 Ked
1 Ke5 /)

15 FORMAT(1H1///66H K SCATFR(K#1) SCATFR(K«2) SCATFR(K#3) SCATFR(
1K+4) SCATFR(K*5)/)

17 FORMAT(1H1///16H K SLEAK(K)Z)

18 FORMAT(1H1///28H K SLEAK(K) XSECT(K)/)

20 FORMAT(16,2E12.6)
33 FORMAT(//23H NORMALIZATION FACTOR #,E12,6)

41 FORMAT(6M 17,E12.6)

45 FORMAT(///64MW GROUP REMOVAL FISSION LEAKAGE
CAPTURE )
46 1F0RMAT(67H K FLUX X=SECTION SQURCE SOURCE X
1=SECTION /)
51 FORMAT(///93H K TOTeF(K) TOTBC(K) TOTRE(K) LEAK]

AN(K)  FISORUK) SCATTO(K)  TOTSOR(K)/)

59 FORMAT(16,E32.6)

62 FORMAT(16,3E12,6,4X,4E12,6)

85 FORMAT(//5H N=, 11,5 M=, 11,6M IC=y11,6H IXzo11)
END

7/l
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APPENDIX C

A FORTRAN Code for Optimizing Control-vane Thickness
Written for the CDC-160A Computer

The determination of an optimum control-vane thickness by the control-
vane curtain technique described in Section II requires a large number of
fairly similar calculations by transport or diffusion theory. The method is
thus expensive both in terms of time and computer utilization. The computa-
tions cannot be speeded up by reducing the number of mesh points or loosen-
ing the convergence criterion, since the quantity being determined is obtained
as the difference of two separate converged eigenvalue computations. The
convergence criteria, therefore, must become even more stringent as the
problems become more similar.

This type of computational difficulty, in which the desired result is
but a part of the output of a large and complex code, is a familiar one. An
ideal way to circumvent it would be to calculate the desired result directly;
however, this usually requires a special code. An alternative solution is to
isolate that part of the output from a complex problem which directly deter-
mines the desired quantity. Subsequently the data can be applied to cases
which are similar to the base problem. The requirement of very stringent
convergence for similar problems is then removed and the relevant aspects
of the problem being calculated become clearer. Such a method was adopted
for the code presented in this Appendix.

As noted in Section II, it was determined that a computable quantity
which is very nearly proportional to the control effect of a control vane is
the "weighted control function." The weighted control function or WCF is
defined as the number of neutrons captured in a control vane weighted by the
adjoint flux existing in the vane:

m
+
WCF = Z $i%; Zcap j-
1=

The control span is proportional to the difference in the integrals of
WCF. The integration is over the control vane while it is first in the IN and
then the OUT position:

WCF WCF
control span « dv - dv.

Vane IN Vane OUT

The code presented in this Appendix calculates an optimum vane
thickness with respect to the above difference The code requires both real
and adjoint fluxes as input. It can compute the optimum only over a limited
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range of vane thicknesses which do not depart too far from the vane thickness
of the base problem used to provide the initial ¢ and ¢t values. The code
was therefore usedtofill in the gaps of vane thicknesses obtained by a few
(usually three) sets of calculations which calculated the control span of
several different vane thicknesses by the "poison curtain’ technique.

The sequence of the calculations performed by the code is as follows
(see Fig. C-1):

1. From initial real and adjoint flux values the distribution of the
WCEF over the control vane is determined.

2. The distribution is approximated by a least-squares fit to a
third-degree polynomial.

3. The obtained polynomial is used in calculating the integral of
the WCF over the control vane. In this aspect the optimization code is
superior to the initial curtain-type calculation since the actual volume of
the control vane is used. (In the "curtain" calculation the poison material
of the vane is spread over a ring concentric with the core.)

4. The procedure is repeated for the vane in the OUT position,
and the difference in the integrated WCF is obtained.

5. The thickness of the control vane is changed by a small amount.

6. The WCF at the edge of the new control vane is extrapolated
from existing data and a new least-squares fit to the extrapolated WCF
distribution is obtained.

7. The calculation is repeated. The iterative procedure is ter-
minated when the difference of the integrated WCEF has reached a peak or
when the thickness of the vane exceeds half the control-drum radius.

The weak point of the code is in the extrapolation of the WCF distri-
bution to new vane thicknesses. It was found that the extrapolation loses
credibility when the vane thickness being calculated departs from the initial
vane thickness by 50%. Even with this limitation, the code was very useful
in the survey calculations and significantly reduced the time during which the
big computers were employed. An important additional benefit is that the
parameters contributing to the control span are dealt with directly in the
code and consequently the calculator becomes thoroughly familiar with them.
It is possible that the code might find use in the future and it is therefore
presented in some detail. In the subsequent pages the flow sheet of the code,
its input specifications and the FORTRAN writeup are given.



START

READ INPUT SPECIFICATIONS
Ry, Ry, T, FAI, AL, T,, NUM
READ SPATIAL VANE SUBDIVISIONS

1

PRINT INPUT SPECIFICATIONS
AND PROBLEM IDENTIFICATION

I

SET ALL INDEXES TO ZERO
KOT = INDEX ADVANCED AFTER
CALCULATION OF IN OR OUT WCF
JOT = NUMBER OF |TERATIONS

l FROM

CALL SUBROUTINE SQUARE
COMPUTE WCF LEAST SQUARES

2 IS THE DIFFERENCE IN THE

|3r

-—ﬁ ADVANCE INDEX JOT

l

PRINT JOT, T AND CALCULATED
DIFFERENCE IN INTEGRATED WCF

[

IS T LARGER THAN RIIZ J
YES

NO

INTEGRATED WCF INCREASING

NO
YES 2

INCREASE T BY AT l

FROM MAIN CODE

M A

2nd IS THIS THE Ist, 2nd OR 3rd PASS;I\‘

lm

& IREAD IN POISON CAPTURE CROSS SECTIONS.J

|

I STORE INITIAL VANE SUBDIVISIONS J

l

E. READ REAL FLUXES AND ADJOINT
FLUXES FOR ALL VANE POSITIONS.

22 rcALcuurz WCF FOR ALL VANE POSITIONS.

- 1

IS THE CONTROL VANE AT
IN OR OUT POSITION?

IN ouT

TRANSFER WCF
FROM STORAGE.

TRANSFER WCF
FROM STORAGE.

| |

RECOMPUTE WCF RECOMPUTE WCF
VALUES FOR NEW FOR NEW VANE
VANE THICKNESS. THICKNESS.

.\ 5

COEFFICIENTS FOR VANE IN POSITION 1 YES
ARE ALL WCF VALUES INSIDE CONTROL VANE ? T
T0 SUBROUTINE SQUARE \—{ STORE CALCULATED INTEGRAL OF wch 1 T VANELTHICKLEI::S 10 HEN
TIN Al
FROM SUBROUTINE SQUARE | INTERPOLATE WCF VALUES AT VANE w0 l
" ADVANCE [NDEX KOT l REFLECTOR INTERFACE.
CALCULATE WCF AT 10 SET LEAST SQUARES MATRIX
l EQUIDISTANT VANE POSITIONS T T0 ZERO
CALL SUBROUTINE SQUARE | 1S THE CONTROL VANE AT THE IN = l
COMPUTE WCF LEAST SQUARES OR THE OUT POSITION?
COEFFICIENTS FOR VANE OUT POSITION PRINT FINAL VALUES OF WCF ] I COMPUTE LEAST SQUARES MATRIX. —l
IN out
70 SUBROUTINE SQUARE w2 l
END g
g 250 EXTRAPOLATE WCF

FROM SUBROUTINE SQUARE

r ADVANCE INDEX KOT J

CALCULATE WCF FOR IN AND
OUT VANE POSITIONS.
CALCULATE VANE AREA SEGMENTS

CALCULATE DIFFERENCE IN INTEGRATED
WCF BETWEEN IN AND OUT POSITIONS

2y

EXTRAPOLATE WCF

FUNCTION TO VANE EDGE FUNCTION TO VANE EDGE
FOR IN POSITION. FOR OUT POSITION.

| |

TRANSFER WCF % TRANSFER WCF
FUNCTION TO STORAGE FUNCTION TO STORAGE

l L

Fig. C-1. Diagram of Vane-optimization Code

COEFFICIENTS,

TO MAIN CODE

I EVALUATE LEAST SQUARE FIT '

vL



Card No.

Format
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Input Specifications

Input Description

100

200

300

400

6E10.4,16

6E12.5

6E12.5

6E12.5

Geometry specifications and input options, Rj, Ry,
T, FAI, AL, T,, NUM.

R, = Control-drum radius.

R, = Distance of control drum from core centerline
T = Initial thickness of control vane.

FAI = Angle (in radians) spanned by control vane.

AL = Option concerning real and adjoint fluxes
supplied to code.

AL = 0;fluxes inside the control vane only;
AL > 0;first and last flux values read are
outside the control vane.

T, = Distance of control drum from core-reflector
interface.

NUM = Number of segments into which the control
section is divided for purposes of numerical
integration-

Spatial points for which real and adjoint flux values
are read. The outer edge of the vane is taken as
reference position.

Capture cross section of control-vane poison.
Macroscopic cross section or cross section per
absorber atom can be used.

Real and adjoint fluxes for all spatial positions.
First real and adjoint fluxes for the control-drum
IN condition, then for the control-drum OUT
condition are read.
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aOoans

10

31

32
13

14

5

21
22

23
24
25
26
2,
28
29

CANTROL

VANE THTCKNES OPTIMIZATON

THE CALRULATION 0F SIGFKCAPTURE*FLUX®#ADJOINT FLUX, INTEGRATED OVEF

A CODF FOR GOMPUTING AN OPTIMUM CONTROL VANE THICKXNES BASED ON
THE ACTUAL VANE ARFA AND MAXIMISATION OF THE DIFFERENCE OF THWIS
FUNCTION BETWEEN THE IN AND OUT POSITIONS OF THE VANE,

COMMON KOT
DIMENSTON
PRINT 21
READ 26,R1
READ 29, (R
PRINT 22,R
PRINT 23
PRINT 24
KOT=0n

JoT = 0.0
OWCFT = N,
CALL SNUAR
KOT = KOTe
CALL SNUAR
KOTEKOT+1
ANUM = NUM
DELT=T/ANU
WCFT = 0.0
DO 11 1I=1,
Al = 1

X 3 DELTwA
PRIN = ANe
PROUT = BO
AREA= DNELY
WCFSARFA#(
WCFT=WCFT+
JOT = JoT
PRINT 25,
1IF(2.#T=R1
IF(OWCFT=W
T=TeNELT

,TAR1:R2,ALFAL,ALFA2,R
PINC10),POUTC10),R(12)

JR2,T,PAT,ALFAL,ALFA2,NUM
(1), 124,6)
1,R2,NUM

0
E tAD,A1,A2,A3)
3
E tB0»B1,B2,83)

M
NUM

1
ALeX+A24(XweD)eA3n(Xwe3)
+BLPX*RO# (Xaw2)eBIN(X*e])
*FAI*#(R1-X+,5%DELT)
PRIN=PROUT)

WCF

L !

JOT,T»WOFT

) 12,12,14

CF?)13,13,14

OWCFT = WCFT

GO0 10 10

no 1% 1=1,10

Als]
Us(T/10.)w
PINCI)=AD®

Al
ALlwU+A2#% (Uew2)wA3w(Uww3)

POUTEI)=R0+BA*U+B2w(Uaw2)+B3Iv(Uwe3)

CONTINUE
PRINT 27

PRINT 28, (PINC(I),PNOUTCI)»1=1,10)

Go Tn 9

FORMAT(42M1 APTIMIZATION OF CONTROL VANE THICKNES )
FORMAT(/44H NRUM RADIUS= E12.5,36H
CER= F12.5,22H VANE MESH POINTS =16)
FORMAT(///42W ITTERATION VANE

FORMAT (44K

NUMBRER THICKNES

FORMAT(/10%,$2,4X,2E12.5)
FORMAT(6F10.4,16)

FORMAT (//47W IMPNARTANCE FUNCT IN
FORMAT(5X,F12.5,10%,E12.5)
FORMAT(6F12.,9)

END
SUBRNUTINE
COMMON KOT

SNUAREB(X1,X2s%X3,X4)

»TOR1,R2,ALFAL,ALFA2,R

DRUM DISTANCE FROM CORE CEN’

WEIGHTED )
CONT. FUNCTION )

IMPORTANCE FUNCT OUT

DIMENSTON F({6)+FA(16),S1G(16),Wt18),R(12),B(4,5),A(4,5)

IF (KOT=1)

2n,21,3n


http://R0.Bi.B2.B3

20

61
L

22
62
63

64
23

24
25
26
30
31

32
33

34
35
36
37

38
40

41

42

READ 51,(S1GtI)st=1,18)
NOT=0,0

DO 61 1=1,6
RC(1+6)=R(])

DO 22 N=1,6

READ 51, (F(I),134,16)
READ 511(F‘(!)-l'1-16’
W(N)=0.0

DO 22 K=1,16
V=SIB(K)*F(K)*FALK)
WIN)aV+WIN)

DO 62 1=1.,6
R(1)aR(1+6)

IF (ALFAY) 63,63,64

WOL)sW (1) ((W(2)wW(1))/(ABSF(R(L))I*R(2)))#ABSF(R(1))

R(1)=0.0

WEB)BW(BI+((W(6)aW(8))/(R(6)=R(5)))#(T=R(S5))

R(&)=T

IF (KOT~-1) 23,25,25
CEW(A)®(ALFA2+T)ww3
DO 24 1=4,6
W(le8)=zW(])

G0 TO 30
DeW(A)*(2%R1eT)*e3

DO 26 1=1.6
W(Ied2)3WlT)

IF (KOT=NOT) 34,31,34
po 32 1=1,6
WCI)=W(1e6)

R(8)sT
W(B)=C/(ALFA2+T) w3
GO TO 37

Do 35 1=z1,6
W(I)aw(1+12)

R(6)=T
W(6)eD/(2%RiaT)"el
NOT =NOT#2

R(2)=2T/5.

DO 38 1=2,4
RCI+1)=R(I)*+R(2)

DO 41 J=1,4

DO 41 [=1,5
A(Ja1)=0.0

DO 42 N=1,6
A(1,2)=A(1,2)+R(N)
Al1,3)=AC1,3)¢R(N) w02
AC1,4)=A01,4)+R(NIwe3
A(2:4)=A(2,4)+R(N)»wd
A(3,4)=A(3,4)+R(N)#»5
A(4,4)=A04,4)+R(N)wwp
A(1,8)=A(1,5)+W(N)
AC2,5)=A(2,5)+(RINI*W(N))
AC3,5)zA(3,5)+(RIN)ww2)*W(N)
AC4,5)=A04,5)+(RENIweZ)*W(N)
CONTINUE

AC1,1)=26.0
A(2,1)=A01,2)
A(2,2)=4t1,3)
A(3,1)=A(1,3)
A(2;3)=A(1,4)
A(3,2)=A(1,4)
Al(4,1)=A(1,4)

T
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78

10
11
12
13
14

5

51

52

A(3,3)=A02,4)
A(4,2)=A(2,4)

AC4,3)=A(3,4)

DO 10 J=1,4

BtJa1)=A0J,1)

DO 11 1=2,5

B(1,1)2A(1,1)/B(4,1)

DO 12 Js2,4

B(Ji2)zA0J,2)=A(J,1)%R(1,2)

DO 13 123,5

B(241)=(A(2,1)=At2,1)0R(1,1))/B(2,2)

DO 14 J=3,4

B(Js3)=ACU,3)-A(J,1)%R(1,3)=B(J,2)%B(2,3)

DO 15 1=4,5
B(3s1)=(A(3,1)~At3.1)eR(1,1)B(3,2)#*B(2,1))/B(3.3)
B(4,4)=Al4,4)-A(4,1)%R(1,4)=B(422)%B(2,4)-B(4,3)*B(3,4)
B(4,5)=(A(4,8)~Al4.1)eR(1,5)"B(4,2)%B(2,5)~B(4,3)*B(3,5))/B(4,4)
X4=B(4,5)

X32B(3,5)=R(3,4)ex4

X22B(2,5)=R(2,4)#X4-B(2,3)*X3
X12B(1,5)=R({,4)exX4~B(1,3)9X3=B(1,2) X2

FORMAT(6F12.9)

PRINT 52,X1,¥2,X3,%4

FORMAT (4E12,5)

END
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APPENDIX D

An Analytical Determination of Optimum Control-vane Thickness

An analytical determination of an optimum vane thickness for an
unself-shielded control vane is presented. The control-vane thickness is

optimized with respect to the distance over which the poison is transported
from an idealized core boundary.

In the present derivation, an increase in vane thickness is considered
to have two effects. The first is an increase in the poison volume, the second
a reduction in the average distance over which the poison is transferred be-
tween the IN and OUT positions of the control drums. At a certain distance
the product of the poison volume and the distance over which the poison is
transferred becomes maximum. The control-vane thickness corresponding

to this poison volume and maximum distance of poison transfer is the object
of this calculation.

The parameters of the derivationaredefined by Fig. D-1.

®
Average distance L [R;-cos 6(R, - I/ZT)] [T(R, - I/ZT] de
of control poison ERRy = i
atdrums IN position f T(R,-1/2T) d6
()
f e (R,-1/2T) S
®
¢
Average distance of fo [R,+cos B(R,- I/ZT)] [T(R,- 1/2T)]d9
controlpoison at = RoyT =

@
drums OUT position f (R l/ZT) de
0

(R,-1/2T)
¢

= R, + sin ¢

¢
Poison volume = A = 2 f T(R,-1/2T) d6 = 2T¢(R, - 1/2T)

0)
— - e s
RouT - RIN = E(Rl- 1/ZT) sin ¢

(A x ®RoyT - RNl = P(q) = 4T sin ¢ (R, - 1/2T)?

1)
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dP ()
= 4 sin ¢[(R,-1/2T)* - T(R,-1/2T)] =
dT
dP
T
@ i =0 3T2-8R,T +4R%=0
dT
8R, + [64R2 - 48R] 4R, +2R,
T = =
6 3
therefore

2
Optimum T = ;RI.

[<€— IDEALIZED CORE BOUNDARY

Fig. D-1. Schematic Representation of
Control Vane and Idealized

Core Boundary

= 4 sin ¢[R%-2R,T + 3/4T%]
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